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Abstract
This thesis contributes to the understanding of the ultrafast melting and ab-
lation of solids irradiated at large laser intensities. Fundamental aspects of the
ultrafast laser ablation of pure metals (Au, Al, Cu, Fe, W), such as laser-matter
interaction, plasma formation, evaporation and melt dynamics have been matter of
research. Melting and welding of technical borosilicate glass by high-repetition rate
ultrafast laser radiation have been studied as well.
Novel experimental techniques and tools have been developed and applied in or-
der to enable investigations of laser induced transient phenomena on different time
scales. Pump-probe imaging technique has been adopted featuring an extended
temporal detection limit of approx. 2 microseconds and preserving a temporal res-
olution in the sub-picosecond range. A novel quantitative optical phase microscopy
technique (TQPm) has been developed for time-resolved investigations of transient
refractive index and morphology changes.
For laser ablation of metals at large irradiation intensities, the temporal and
spatial profiles of the adopted laser radiation have been examined. The heating
effect of the radiation pedestals caused by amplified spontaneous emission has been
estimated numerically resulting in a temperature increase by several hundreds of
Kelvin, depending on material properties.
Time-resolved shadowgraphy and quantitative measurements of the ablated vol-
ume in metals have been performed in different ambient conditions. In the adopted
delay range, the observed ablation phenomena can be classified by at least four
characteristic time regions, featuring the ejection of plasma and highly pressurized
vapor, material vapor due to nucleation effects, liquid melt jets, and resolidification,
respectively. Based on the experimental results of this work, a qualitative descrip-
tion for ablation of metals at large intensities is given, and important differences
to the ablation at near-threshold intensities are specified. Particularly, phenomena
concerned with overheating of material, e.g. phase explosion and “boiling crisis”,
are assumed as the prevailing mechanisms of ablation.
Melting of technical borosilicate glass by high-repetition rate ultrafast laser ra-
diation has been studied dynamically by means of TQPm. The obtained results
exhibit transient modifications of the refractive index which reflects either the ion-
ization process or the material densification. An important application is established
in terms of micro-welding of thin glass substrates with glass or silicon. By produc-
ing melt tracks in the interface between two substrates, reliable weld seams are
generated in the micrometer regime.
Keywords: laser ablation, femtosecond, pump-probe, phase contrast
Kurzfassung
Diese Arbeit leistet einen Beitrag zum Verständnis der ultraschnellen Abtrags- und
Schmelzphänomene von Festkörpern bei Anregung mit Laserstrahlung großer Intensität.
Fundamentale Aspekte des laserinduzierten Abtrags von Reinmetallen (Au, Al, Cu, Fe, W)
mit Ultrakurzpuls-Laserstrahlung wie z.B. Laser-Materie-Wechselwirkung, Plasmabildung,
Verdampfung und Schmelzdynamik wurden untersucht. Darüber hinaus wurde Schmelzen
und Schweißen von technischem Borosilikatglas mittels hochrepetierender Ultrakurzpuls-
Laserstrahlung untersucht.
Für Untersuchungen der transienten laserinduzierten Vorgänge auf unterschiedlichen
Zeitskalen wurden neuartige experimentelle Verfahren entwickelt und eingesetzt. Pump-
probe Photographie wurde für zeitaufgelöste Messungen auf einem erweiterten zeitlichen
Detektionsbereich bis ca. 2 Mikrosekunden mit Sub-Pikosekunden Auflösung realisiert.
Für Detektion von transienten Brechungsindexmodifikationen und Morphologieänderun-
gen wurde ein neuartiges, zeitaufgelöstes Verfahren zur quantitativen Phasenmikroskopie
(TQPm) entwickelt.
Die geometrischen und zeitlichen Profile der eingesetzten Laserstrahlung großer In-
tensität wurden beim Abtragen von Metallen untersucht. Aufheizung des Materials be-
dingt durch spontane verstärkte Emission mit Pulsdauer im Nanosekundenbereich führt
zu einem materialabhängigen Temperaturanstieg von mehreren hundert Kelvin und wurde
numerisch untersucht.
Zeitaufgelöste Schattenphotographie und quantitative Messungen des Abtragsvolu-
mens von Metallen wurden in unterschiedlichen Umgebungen durchgeführt. Im unter-
suchten zeitlichen Detektionsbereich kann die beobachtete Abtragsdynamik in mindestens
vier charakteristischen Zeitregimes klassifiziert werden: Ausbreitung von dichtem Mate-
rialdampf und Plasma, Verdampfung aufgrund der Nukleationseffekte, Abtrag in Form
von flüssigen Schmelzstrahlen und Erstarrung. Basierend auf experimentellen Ergebnis-
sen wurde ein qualitatives Modell für laserinduzierten Abtrag von Metallen bei großen
Strahlungsintensitäten aufgestellt, welches bedeutende Unterschiede zum Abtragen bei
schwellennahen Intensitäten aufweist. Insbesondere sind physikalische Vorgänge die im
Zusammenhang mit Materieüberhitzung stehen wie z.B. Phasenexplosion und “boiling cri-
sis”, als entscheidende Abtragsphänomene suggeriert worden.
Laserinduziertes Schmelzen von technischem Borosilikatglas mit hochrepetierender
Ultrakurzpuls-Laserstrahlung wurde mittels TQPm zeitaufgelöst untersucht. Experimen-
telle Ergebnisse weisen transiente Brechungsindexmodifikationen auf welche auf Ionisa-
tionsprozesse und Verdichtung der Materie zurückzuführen sind. Als eine wichtige Anwen-
dung dieser Prozesse wurde das Mikroschweißen von dünnen Glas- und Silizium-Platten
demonstriert. Beim Schmelzen von Material an Substrat-Grenzflächen können konsistente
Schweißnähte im Mikrometerbereich erzeugt werden.
Schlagwörter: Laserabtrag, Femtosekunde, pump-probe, Phasenkontrast
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Introduction
Ultrafast laser ablation technique is currently attracting great attention both
for fundamental physics and technological applications. On the one hand,
high-powered lasers producing single pulses with output powers in the peta-
watt region are currently being developed for a whole host of fundamental
applications ranging from fusion ignition systems and high-energy particle
physics [1] to medical applications involving radioactive isotope generation
[2]. On the other hand, the recent advances in ultrafast laser technology have
opened up the possibility to use compact ultrafast tabletop laser sources
combining multi-MW peak pulse powers and multi-MHz repetition rates for
various applications [3].
The first investigations on the interaction of femtosecond laser radiation
with solid targets were mainly devoted to the study of modifications of the
irradiated samples [4, 5]. These studies are still establishing ultrafast laser
ablation as the state-of-art technique for precise control of material removal,
due to its ability to process virtually any material with high precision and
minimal collateral damage. In a wide variety of applications including cut-
ting, drilling, 3D-micromachining, and surgical operations advantages over
nanosecond and picosecond laser radiation have been already demonstrated.
A key benefit of ultrafast laser radiation consists in its ability to deposit
energy into a material in a very short time period, before thermal diffusion
can take place. Following linear or multiphoton absorption of the laser energy,
electron temperatures can quickly rise up to many thousands of Kelvin. With
the subsequent energy transfer from the electron subsystem to the atomic lat-
tice, material removal, ablation and plasma formation occur. At laser pulse
durations shorter than the typical electron to lattice relaxation times (about
some ps), the system’s behavior and the main properties of the plume are
quite independent from material and laser parameters. On the contrary, for
nanosecond laser radiation ablation occurs both in the melted and the vapor
phases, leading also to emission of particulates, micro-droplets, and liquid
jets. Moreover, the long lasting material emission and the larger pulse dura-
tion lead to laser-vapor interaction, limiting the control on the properties of
the ablated particles.
Recent experimental studies on large-fluence ablation using ultrafast laser
radiation [6], however, indicate that, contrary to theoretical predictions of ul-
trafast melting and ablation rates, a significant increase in the overall ablation
rate and the recast layer thickness can be observed ex situ, which causes me-
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chanical stress, deformation, and crack formation in material. In addition,
experimental observations reveal thermal and non-thermal melting, genera-
tion of highly pressurized material vapor, ejection of melt droplets and liquid
jets, hundreds of nanoseconds after irradiation [7].
This thesis deals with some important aspects of the interaction of intense
femtosecond laser pulses (I . 1015 W·cm−2) with metals and transparent
materials. In spite of its enormous potentiality, there has been little work
on the characterization of laser produced plasma and plume evolution as
well as on melt dynamics using ultrafast laser radiation at these intensities.
Since there is still a lack of experimental data for the melt dynamics, an
unanimously accepted large-fluence model for prediction of the ejected melt
rate, size or velocity does not exist as well. Thus, one of the main goals of the
present thesis is to elucidate some of the fundamental aspects regarding the
laser-matter interaction, plasma formation, evaporation, melt expulsion, and
its dynamics (Figure 1). Due to the different time scales of these phenomena,
the development and application of novel experimental techniques as well
as the systematic analysis of the observed dynamics have been matter of
research.
Figure 1: Map of phenomena during ablation of materials with ultrafast
laser radiation and experimental techniques for its detection.
Investigations of the ultrafast melting of matter is the main goal of this
thesis. On the one hand, melting and accompanying ablation of metals ir-
radiated by single ultra-short laser pulses at large intensities (I ≈ 1012 −
1015 W·cm−2) is investigated. On the other hand, another approach for the
ultrafast melting, particularly in the volume of transparent dielectrics is stud-
ied by utilizing high-repetition rate (frep = 0.1 − 5 MHz) laser radiation
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including heat accumulation effects.
Pump-probe imaging techniques have been adopted for the investigation
of laser-induced phenomena, such as vaporization and melt expulsion. In
order to enable time-resolved measurements on large time scales up to τ ≈
2 µs preserving ultra-short temporal resolution (∆t ≈ 100 fs), an extended
multi-pass delay stage has been designed and applied.
For the detection of laser-induced optical phase changes during laser-
matter interaction, a new concept has been developed – called Transient
Quantitative Phase microscopy (TQPm). This new non-interferometric pump-
probe visualization technique enables time-resolved quantitative measure-
ments of optical phase changes in order to determine object’s properties, e.g.
dimensions of melt droplets and layer thickness or transient refractive index
changes in transparent materials. A calibration procedure for compensation
of misalignments and intensity deviations has been developed and adopted.
In this work, ablation of pure metals (Au, Al, Cu, Fe, W) irradiated
with femtosecond laser radiation (tp = 80 fs) at large intensities (I ≤ 4·1015
W·cm−2) has been investigated in situ using time-resolved shadowgraphy and
TQPm [8]. Time-resolved quantitative measurements of the ablated volume
of material have been performed up to the delay τ = 1.81 µs after irradiation
utilizing a pump-probe technique.
For a commercial femtosecond laser system, the effect of the background
radiation pedestals on the ablation has been estimated by measuring inten-
sity and duration of background radiation. Using numerical modeling, the
temperature rise induced by the background radiation pedestals has been
calculated for different metals, which enables an estimation of pre-heating
effects on irradiated material.
Laser ablation of metals has been studied ex situ by means of scanning
electron microscopy (SEM) and white-light interferometry (WLI) varying the
number of incident laser pulses (n = 1..8) and their pulse energies.
Melting of borosilicate glass using high-repetition rate ultrafast laser ra-
diation (tp = 450 fs, frep = 0.1−5 MHz) has been studied in situ by means of
TQPm. By tightly focusing ultrafast laser radiation into the volume of glass,
a train of femtosecond laser pulses serves as a point source of heat located
inside the bulk, leading to localized melting. This and related phenomena as
well as applications in direct micro-welding of glasses are discussed.
This thesis is organized as follows. A compact literature overview about
ablation and micromachining of various materials using ultrafast laser radi-
ation is presented in chapter 1. A general overview of the theoretical back-
ground is reported in chapter 2, while chapter 3 is dedicated to the description
of the experimental apparatus and techniques. Chapters 4 and 5 are devoted
to the presentation of the main experimental and numerical results for metals
and glasses, respectively.

1. State of the art and research
objectives
The study of the laser-material interaction using ultrafast laser radiation is
an active area of research. Topics such as the mechanisms of free carrier
generation, the transfer of energy from free carriers to the lattice, and the
ablation mechanisms for various materials have been matter of research. In-
vestigations of the quality of the ablated area (surface roughness, chemical
composition, surrounding damage, etc.) for various materials have also been
undertaken. This chapter will provide an overview of the studies of material
surface melting by ultrafast laser radiation and micromachining at large ir-
radiation fluences F  Fthr that have focused on various materials, such as
metals, semiconductors and dielectrics. Additionally, investigations of melt-
ing in the volume of transparent dielectrics using high-repetition rate ultra-
fast laser radiation at moderate irradiation intensities are presented in this
chapter. A short overview of reported numerical simulations and modeling of
melting and ablation mechanisms is also introduced.
1.1. Melting of matter by ultrafast laser
radiation
Melting of metals and semiconductors
The interaction of ultrafast laser radiation with semiconductors has been
studied time-resolved by a variety of techniques, including time-resolved re-
flectivity and photoluminescence [9], surface ellipsometry [10], and surface
second-harmonic generation [11, 12]. The reflectivity dynamics of bulk sili-
con irradiated at λ = 620 nm, tp = 80 fs has been detected from τ = 100 fs
to τ = 600 ps after irradiation. A rapid increase in surface reflectivity caused
by thermal melting occurs. Melting, boiling, and material ejection over a 600
ps period has been detected. The results suggest that, for excitation fluences
several times the melting threshold, silicon is ejected from the melted surface
as liquid droplets with sub-micrometer dimensions.
Using time-of-flight mass spectroscopy and time-resolved interferometry,
melting and ablation of various semiconductors irradiated by femtosecond
laser radiation (λ = 620 nm, tp = 100 fs) has been investigated [13, 14].
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Close to the ablation threshold fluences, a maximum surface temperature is
obtained from the collisionless time-of-flight distributions of evaporated or
sublimated particles. At the melting threshold fluence, the surface tempera-
ture for silicon is estimated to approximately 500 K higher than the equilib-
rium melting temperature. In the fluence regime where non-thermal melting
occurs, maximum surface temperatures in excess of 2500 K for silicon and gal-
lium arsenide have been measured, indicating rapid thermalization after the
melting. An evidence for an electronically induced amorphous-to-crystalline
phase transition in GeSb has been presented [15].
Formation of nanojets and microbubbles on metallic surfaces has been
studied by single-pulse irradiation of thin gold films (thickness d = 60 −
500 nm) using tightly focused femtosecond laser radiation (λ = 800 nm,
tp = 100 fs, F 6 3.34 J·cm−2) [16]. Nanostructures are formed due to hy-
drodynamic motion of the produced melt when the entire film thickness is
locally molten.
The characteristic time for melting of gold nanorods and generation of
nanoparticles by ultrafast laser radiation (λ = 400, 800 nm, tp = 100 fs) has
been measured using time-resolved transient absorption spectroscopy [17].
For photo-induced transformation of nanorods to nanospheres, the trans-
formation time has been determined in the range τ = 30 − 35 ps, which is
independent of the irradiation power. Furthermore, no significant dependence
of the photoisomerization dynamics on the gold nanorod aspect ratio could
be detected.
Electrical and thermal properties of bulk copper have been studied on
a picosecond time scale using tp = 100 fs laser pulse at large intensity
I ∼ 1015 W·cm−2 [18]. Energy dissipation mechanisms and scaling laws
spanning a wide temperature range are obtained from femtosecond pump-
probe reflectivity measurements. The disassembly of the crystalline structure
in copper is observed within τ = 400 fs due to lattice disorder caused by
the intense irradiation. The electrical resistivity is detected by studying the
temporal development of the reflectivity up to τ = 30 ps after irradiation. A
“resistivity saturation” effect has been observed in the phase regime interme-
diate to plasma and solid state.
A study of the temporal behavior of the optical properties i.e. dielectric
function of gold under ultrafast laser excitation (λ = 400 nm, tp = 150 fs)
has been performed by pump-probe diagnostics including reflectivity, trans-
missivity, and phase shift up to τ = 40 ps after irradiation [19]. Gold films
(thickness d = 25 − 30 nm) undergo non-equilibrium melting and liquid-
plasma transitions over a wide range of irradiation fluences. The results con-
firm the quasi-stability of the liquid phase that follows non-thermal melting.
Disassembly of the liquid into a plasma phase is found to occur at a lattice
energy density of  = 3.3 · 105 J/kg independent of the irradiation fluence
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and ambient pressure.
Femtosecond time-resolved microscopy has been used to analyze the struc-
tural transformation dynamics in single-crystalline 100-germanium wafers
(melting, ablation, and resolidification phenomena) induced by ultrafast laser
radiation (λ = 800 nm, tp = 130 fs) on a time scale τ 6 10 ns [20]. Com-
plementary information on larger time scales τ = 350ps − 1.4 µs has been
obtained by means of simultaneous streak camera and photodiode measure-
ments of the sample surface reflectivity. Time-resolved microscopy enables
the detection of additional reflectivity patterns for fluences below the abla-
tion threshold fluence of germanium. The observed patterns are originating
from the selective removal of the native oxide layer at the wafer surface within
a certain fluence range. After resolidification, and in contrast to the ultrafast
laser irradiation of other semiconductors, no indication for a laser-induced
permanent surface amorphization has been detected. From this observation
and the observed transient solidification behavior of the molten germanium
on a time scale of some nanoseconds, a lower limit for the critical speed of
the liquid/solid interface between v = 2.5 m/s and v = 7.0 m/s has been
deduced.
The study of laser-induced (λ = 800 nm, tp = 40 fs) solid-to-liquid phase
transitions in aluminum has been performed using UV-VIS-IR reflectometry
[21]. The transition time scale has been determined to τ = 1.5 − 2 ps, indi-
cating that the transition is thermal, in agreement with electron-diffraction
studies [22] adopting electron pulses (tp = 600 fs). The maximum in the re-
flectivity of solid aluminum at λ = 800 nm disappears in the liquid state,
demonstrating that the parallel band structure typical for solid aluminum is
no longer present. The reflectivity of the liquid is smaller than that of the
solid and remains constant up to τ = 10 ps, without plasma contributions.
Melting and welding of dielectrics
Using tightly focused ultrafast laser radiation (λ = 800 nm, tp = 100 fs,
Ep = 5 nJ), optical breakdown and structural changes in bulk transparent
materials have been investigated [23]. Measurements of the threshold fluence
for structural change in Corning 0211 glass as well as a study of the morphol-
ogy of the structures produced by single and multiple laser pulse irradiation
have been performed. At a large repetition rate, multiple pulses produce a
structural change dominated by cumulative heating and melting of the mate-
rial by successive laser pulses. Using this effect, optical waveguides have been
produced inside bulk glass [24].
The interaction of intense ultrafast laser radiation (λ = 800 nm, frep =
1 kHz, tp = 50 fs and 200 fs) with wide band-gap fused silica and α−quartz
has been investigated [25]. During multi-shot target irradiation, melting of
SiO2 occurs. The incubation effect in fused silica leads to high-temperature
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and high-pressure conditions that principally favor the phase transition (crys-
tallization) of amorphous fused silica to crystalline quartz.
The formation mechanism of melt rims created by ultrafast laser radiation
(λ = 780 nm, tp = 100−200 fs) on borosilicate glass surfaces has been studied
[26]. A thin melt rim is formed around the smooth craters and its height is
raised above the undamaged surface by about 50 − 100 nm. To investigate
the mechanism of rim formation following irradiation by a single ultrafast
laser pulse, a one-dimensional theoretical analysis of the thermal and fluid
processes involved in the ablation process has been performed. The results
indicate the existence of a very thin melted zone close to the surface and
suggest that the rim is formed by the large pressure plasma producing a
pressure-driven fluid motion of the molten material outwards from the center
of the crater. A tall rim can be formed during the initial stages of the plasma
and tilt towards the low pressure region creating a resolidified melt splash as
observed in the experiments.
Focused ultrafast laser radiation (λ = 800 nm, tp = 100 fs, I ≈ 1014
W·cm−2) can be used to directly write 3D modification patterns in a glass
exploiting non-linear absorption [27]. The ability to modify refractive index,
induce crystallization, or form nanoparticles with large spatial selectivity and
control, allows to create structures that add new functionalities to the glass,
e.g. for waveguides writing, or glass coloring.
Laser welding of silica glass substrates without the insertion of intermedi-
ate absorption layers has been studied by use of near-infrared ultrafast laser
radiation (λ = 800 nm, tp = 130 fs, frep = 1 kHz) [28]. When laser radiation
is focused at the interface of transparent materials, the material around the
focal point is melted due to the localized nonlinear absorption of optical pulse
energy and consequently the temperature increase. This technique has also
been applied to the joining of semiconductors such as silicon wafers. Laser
micro-welding of materials using ultrafast laser radiation (λ = 1558 nm,
frep = 500 kHz) has been reported on non-alkali alumino-silicate glass sub-
strates [29]. The welding results in a joint strength of 9.87 MPa. Welding of
a non-alkali glass substrate and a silicon- substrate also succeeded, resulting
in a joint strength of 3.74 MPa.
Melting as well as direct fusion welding of borosilicate glass has been re-
ported by use of high-repetition rate (frep = 500 kHz − 2 MHz) picosecond
and femtosecond laser radiation [30, 31]. The nonlinear absorptivity of the
laser pulses has been determined for different pulse energies, repetition rates,
scanning velocities and focus positions. The transient and time-averaged tem-
perature distribution in fusion welding of glass has been calculated using a
thermal conduction model where heat is instantaneously deposited at differ-
ent repetition rates in a solid moving linearly at a constant velocity. Femtosec-
ond lasers with large repetition rates provide an efficient fusion welding, which
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melts selectively the joining interface at welding speeds up to v ≈ 100 mm/s.
Numerical simulations and modeling
Extensive numerical simulations have been carried out in order to investigate
the phase transitions during ablation by ultrafast laser radiation. The most
common pathways for modeling ultrafast phenomena are given by molecular-
dynamics and/or thermodynamic simulations.
Homogeneous nucleation is considered as a mechanism for rapid ther-
mal melting of solids irradiated with ultrafast laser radiation [32]. Modeling
based on classical nucleation theory exposes that for sufficient superheat-
ing of the solid phase, the dynamics of melting is mainly determined by the
electron-lattice equilibration rather than by nucleation kinetics. According
to the calculations, complete melting of the excited material volume occurs
within a few picoseconds. This time scale ranges between the larger time scale
for heterogeneous, surface-nucleated melting and the shorter time scale for
possible non-thermal melting mechanisms.
The kinetics and microscopic mechanisms of laser melting and disinte-
gration of thin Ni and Au films irradiated by a single ultra-short laser pulse
(tp = 200 fs−150 ps) have been investigated in a coupled atomistic-continuum
computational model [33]. The model provides a detailed atomic-level de-
scription of fast non-equilibrium processes of laser melting and film disinte-
gration. At the same time, the model ensures an adequate description of the
laser light absorption by the conduction band electrons, the energy transfer
to the lattice due to the electron-phonon coupling, and the fast electron heat
conduction in metals. The relative contributions of the homogeneous and
heterogeneous melting mechanisms are defined by the laser fluence, pulse
duration, and the strength of the electron-phonon coupling. At large laser
fluences, significantly exceeding the melting threshold fluence, a collapse of
the crystal structure overheated above the limit of crystal stability takes place
simultaneously in the whole overheated region within 2 ps, skipping the inter-
mediate liquid-crystal coexistence stage. Anisotropic lattice distortions and
stress gradients destabilize the crystal lattice, reduce the overheating required
for the initiation of homogeneous melting down to T ≈ 1.05 ·Tm, and expand
the range of pulse durations for which homogeneous melting is observed in
50 nm Ni films up to tp = 150 ps. High tensile stresses generated in the
middle of an irradiated film can also lead to the mechanical disintegration of
the film.
The reaction of solid matter exposed to ultrafast laser radiation has been
modeled hydrodynamically by pointing out the isochoric heating as a driving
mechanism for producing highly non-equilibrium thermodynamic states [34,
35]. An estimation of the thickness of the liquid layer, localized between the
expanding matter and the unaffected solid substrate, has been performed.
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It can be related to the ablation rate and depth, and is comparable with
known experiments. The calculations enable a fair estimation of the quantity
of recast material produced during ablation.
The thermodynamic pathways involved in laser ablation of solids in vac-
uum have been investigated in silicon for pulse durations tp = 500 fs and
tp = 100 ps [36]. The simulations based on Monte Carlo molecular dynamics
calculations expose thermal changes in the range up to several nanoseconds
after irradiation. The material phase change is driven, in most cases, by
non-equilibrium states of rapidly heated or promptly cooled matter. During
irradiation with ultrafast laser radiation, the system is originally pulled to a
near-critical thermodynamic state following rapid (t ∼ ps) disordering of the
mechanically unstable crystal and isochoric heating of the resulting metal-
lic liquid. The latter is then adiabatically cooled to the liquid-vapor regime
where phase explosion of the subcritical, superheated melt is initiated by a
direct conversion of translational, mechanical energy into surface energy on
the time scale t ∼ 1− 10 ps. At larger fluences, matter removal involves, in-
stead, the fragmentation of an initially homogeneous fluid subjected to large
strain rates upon rapid, supercritical expansion in vacuum.
The formation of craters following femtosecond and picosecond laser abla-
tion in the thermal regime has been studied using a model based on molecular-
dynamics simulations and the Lennard-Jones potential [37]. The simulations
indicate that dislocations are induced continuously during the ablation pro-
cess i.e. for hundreds of ps. The damage of solid targets, e.g. produced craters,
has been calculated as well. In case of femtosecond laser radiation, it has been
found that craters with sharp contours are produced, resulting from the com-
bination of two effects: “etching” of the walls and the formation of a very thin
heat affected zone (HAZ). Defects – mainly small voids with 1− 20 monova-
cancies – are generated predominantly at the bottom of the crater.
1.2. Research objectives and impacts of this
thesis
The primary research objective of this thesis is to perform comprehensive
investigations of material melting and ablation caused by ultrafast laser ra-
diation (tp < 1 ps). Time-resolved studies of material ablation at surfaces
irradiated at large intensities (I ∼ 1015 W·cm−2) are required, in order to
determine the characteristic time scales of the involved transient phenomena,
such as melting (τ ∼ 10−11 − 10−9 s), material ejection (τ ∼ 10−8 − 10−7 s)
and resolidification (τ ∼ 10−6 s). In addition, for investigations of melting
inside dielectrics irradiated by high-repetition rate ultrafast laser radiation
(frep = 100 kHz− 5 MHz), advanced visualization techniques, such as time-
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resolved phase microscopy are necessary.
Therefore, the goals of this thesis including specific impacts (depicted in
boldface below) comprise:
1. Adoption of the pump-probe imaging technique for investigations of
transient phenomena during ultrafast laser ablation of matter, and ex-
tension of its temporal detection limit up to τ ≈ 2 µs preserving sub-
picosecond temporal resolution by designing and utilizing an extended
optical delay stage (Herriott-cell).
2. Design and utilization of a novel non-interferometric time-resolved de-
tection technique for phase microscopy, called Transient Quantita-
tive Phase Microscopy (TQPm).
3. Observation of plasma, vapor and melt dynamics of bulk and confined
(quasi-2D) metals and in the volume of borosilicate glass irradiated at
intensities up to I ≈ 1015 W·cm−2 adopting an unmatched combi-
nation of spatial (∆x ≈ 1 µm), temporal (∆t ≈ 100 fs) and phase
(∆n ≈ 10−4) resolution so far.
4. Investigations of the contribution of background radiation pede-
stals, e.g. pre-pulses (tp < 1 ps) and amplified spontaneous emission
(tp < 10 ns), produced by a commercial fs-laser to the ultrafast laser
ablation at large fluences F  Fthr.
5. Characterization of the ultrafast laser ablation of metals at large flu-
ences F . 103 ·Fthr by a qualitative ablation model and comparison
with existing ablation models for near-threshold fluences F . 10 ·Fthr.
6. Application of the ultrafast melting in the volume of transparent di-
electrics to micro-welding of glass with glass/silicon exhibiting
weld seam dimensions in the range dseam ≈ 10− 35 µm.

2. Fundamentals of the ultrafast
melting and ablation of
matter
In this chapter an overview of the theoretical background to ultrafast laser
ablation is given. The detailed course of this complex phenomenon depends
strongly on many parameters of the laser radiation like irradiation fluence
and pulse duration, the sample properties and the ambient in which it takes
place. In general, there is a sequence of the following events:
1. deposition of laser energy into the solid sample,
2. rapid phase transformation of the laser affected region,
3. expansion of the plasma plume into the ambient, and
4. ejection and separation of matter, e.g. vapor and liquid melt from the
sample surface.
An electromagnetic wave in the form of an ultra-short pulse (tp ≤ 1 ps) and
a wavelength from UV to near IR range interacts effectively only with the
electron subsystem of a solid (Sec. 2.1). Pulse duration in the sub-picosecond
range ensures that processes 2–4 take place after the laser pulse is over. Due
to their low heat capacity, electrons can be heated to very large transient
temperatures. The hot free-electron gas thermalizes with the lattice within
typically 1−100 ps (Sec. 2.2), depending on the strength of electron-phonon
coupling. After that, any significant material removal takes place (Sec. 2.3).
There is a distinctive difference between the interactions of laser radiation
with conductors and with dielectrics. In the following, primarily the inter-
action with conductors will be described, and only a short outline for the
interaction with dielectric materials will be given (Sec. 2.1.3). Models pre-
sented in this chapter will form a good basis for the interpretation of the
obtained experimental results in this thesis.
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2.1. Absorption of laser radiation
2.1.1. Absorption mechanisms
The absorption of ultrafast laser radiation occurs in the material’s electron
system followed by the energy transfer to the lattice system. A sufficient elec-
tron density is necessary for effective absorption, which is already given in
metals by the free-electron gas. In contrast, dielectrics and semiconductors
exhibit electrons bound to the lattice-atoms. In order to absorb the optical
energy, therefore, free charge carriers have to be generated through multi-
photon ionization, field ionization, impact ionization, and avalanche ioniza-
tion first. In the following, a short description of absorption mechanisms and
corresponding optical penetration depth in materials will be given.
The absorption and reflection of light on metal surfaces is well described
by the classical Maxwell- and material equations [38, 39]. An incident elec-
tromagnetic wave described by Ein propagating in a medium M1 at time t in
z-direction with the phase velocity νphase = cn1 is given in the scalar notation
by
Ein = Ein,0 exp
[
iω
(n1
c
z − t+ ϕin
)]
, (2.1)
where c denotes the speed of light in vacuum, n1 the refractive index of the
medium M1 (n1 = 1 for vacuum), Ein,0 the wave amplitude, and ϕin the
phase. The angular frequency ω is a function of the wave frequency ν and,
consequently, of the wavelength:
ω = 2piν = 2piνphase
λ
= 2pi c
n1λ
. (2.2)
If a medium M2 with refractive index n2 is given in z-direction, a fraction
of the incident wave Ein will be reflected on the interface between the media
M1 and M2, and the reflection wave Er will be formed; another fraction –
the absorption wave Et is absorbed by medium M2
The reflected and absorbed waves can be described comparable to the
incident wave (Eq. 2.1):
Er = Er,0 exp
[
iω
(
−n1
c
z − t+ ϕr
)]
, (2.3)
Et = Et,0 exp (−αz) exp
[
iω
(n2
c
z − t+ ϕt
)]
, (2.4)
where α is the absorption coefficient of the medium M2 addicted to the
extinction coefficient κ via
α = 2ω
c
κ = 4pi
n2λ
κ. (2.5)
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This generalized description of the absorption and the reflection of elec-
tromagnetic waves is valid for light propagation in homogeneous media with
a complex refractive index n. This can be used for a qualitative and fair quan-
titative estimation of the absorbed and the reflected optical energy. However,
an exact theoretical description of these phenomena is very extensive and
cannot be conveyed with analytical expressions. Thus, numerical approaches
will be necessary. For example, a dependence of the refractive index n(I) on
the incident intensity I is deduced at large irradiation intensities [40]:
n(I) = n + nI · I + ..., (2.6)
where nI denotes the Kerr-coefficient (nI,gas ≈ 10−19 cm2/W for gases and
nI,fs ≈ 3 · 10−16 cm2/W for fused silica). Excitation at large intensities in
gases, fluids and some dielectrics, with nI · I getting significant, leads to
electronic, vibrational and rotational transient states of matter.
In case of irradiation of solids by ultrafast laser radiation at I > 5 ·
1012 W·cm−2, as well as for longer, nanosecond pulses, an expanding electron
density profile, i.e. plasma has to be considered, too. The laser radiation
propagates into a plasma exhibiting a boundary with a steeply increasing
electron density profile and resulting in a quasi-step-like absorption depth.
Typical intensities used in the femtosecond laser ablation experiments are
in the range of I = 1012 − 1015 W·cm−2. The absorption and reflection of
ultrafast laser radiation by metals obey the laws of linear metal optics up to
intensities I ≈ 1016 W·cm−2 [41, 42]. At such intensities, main absorption
processes are the inverse Bremsstrahlung and the linear resonance absorption
at the critical electron density for p-polarization. At even larger intensities
than I ≈ 1016 W·cm−2, non-linear effects are prevalent [43]. For intensities
in the range I = 1016 − 1018 W·cm−2, hot (“suprathermal”) electrons and
very energetic ions are generated primarily by linear resonance absorption in
p-polarization. Thereby the inverse Bremsstrahlung and Raman instabilities
are essential in absorption of laser radiation as well.
2.1.2. Free electron model
The Drude theory represents a simplified model for calculation of the refrac-
tive index in metals and plasma. The interaction of quasi free electrons with
the electric field of the incident laser radiation is considered to be dependent
on material properties. According to the Maxwell equations, this interaction
is described by the dielectric constant ε [39] via
n = n+ iκ =
√
ε =
√
ε′ + iε′′ . (2.7)
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Based on the electron binding in a harmonic potential1 the dielectric constant
can be deduced to
ε(ω) = 1− ω
2
p
ω2 − iωγ , (2.8)
where γ represents the collision frequency, which is generally dependent
on material, temperature and irradiation conditions, and ωp describes the
plasma frequency:
ω2p(Ne) =
Nee
2
meε0
. (2.9)
Here, ε0 is the dielectric permittivity in vacuum, Ne is the free electron
density, e and me are electron charge and mass, respectively. Using equations
2.7 and 2.8, the real (n) and imaginary (κ) parts of the refractive index n
can be calculated [39]:
n = 1√
2
√√√√√(1− ω2p
γ2 + ω2
)2
+
(
γ
ω
ω2p
γ2 + ω2
)2
+
(
1− ω
2
p
γ2 + ω2
)
, (2.10)
κ = 1√
2
√√√√√(1− ω2p
γ2 + ω2
)2
+
(
γ
ω
ω2p
γ2 + ω2
)2
−
(
1− ω
2
p
γ2 + ω2
)
. (2.11)
For irradiation by visible and near-infrared laser radiation, e.g. in the
range ω ≈ 2.5− 8.0 · 104 Hz and λ ≈ 375− 1200 nm, a further simplification
can be derived. Below, approximations for absorptivity and reflectivity of
metals and plasma are presented separately due to differences in their electron
densities and collision frequencies.
Metals
In metals the laser radiation is mostly absorbed by quasi-free lattice electrons
in the conduction band. The absorption of a photon by a lattice electron and
the subsequent increase of its kinetic energy is called inverse Bremsstrahlung.
This kinetic energy is transformed to thermal energy mainly by electron-
electron and electron-phonon interactions [4, 32]. Measurements of the DC-
conductivity of metals provide typical collision frequencies in the range γ ≈
1013 − 1014 Hz with corresponding electron densities Ne ≈ 1022 − 1023 cm−3
and plasma frequencies in the range ωp ≈ 1015 − 1016 Hz [39]. Thus, using
equations 2.5, 2.10 and 2.11, the absorption coefficient can be deduced for
1In case of free charge carriers, no electron resonance has to be taken into account.
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two specific cases [44, 39]:
large absorption: γ  ω  ωp, α ≈ 2ωp
c
, (2.12)
small absorption: γ = 0; ω > ωp, α ≈ 0. (2.13)
Thus at ω < ωp the absorption coefficient for metals is on the order of
106 cm−1 and is nearly independent on the incident wavelength for visible
and near-infrared light. The reflection is expected to be very large R ≈ 1
[44]. If the metal is irradiated by UV-radiation at large ω, the absorption
coefficient decreases towards zero. Therefore using equation 2.9, a critical
electron density Nc can be specified, which corresponds to the case of zero
transmission of the metal:
Nc =
ε0meω
2
e2
= 4piε0mec
2
e2λ2
.
Consequently, irradiation of metals with laser radiation at λ = 800 nm results
in a critical electron density: Nc ≈ 1.7 · 1021 cm−3.
Generally, the electron density Ne, and the collision frequency γ are func-
tions of material temperature. Therefore, significant differences in optical
properties of metals are expected for irradiation of metals at large intensi-
ties. For example, irradiation of gold samples with ultrafast laser radiation
(tp = 300 fs, F = 6 J·cm−2) results in a decrease of reflectivity R by nearly
25% within 1 picosecond after irradiation. The absorption increases with in-
creasing irradiation intensity and, consequently, with increasing temperature.
Thereby the optical penetration length decreases.
Plasma
For a laser induced plasma produced at small to moderate irradiation in-
tensities, the electron-electron interaction can be neglected. Therefore the
free electron model can be applied for the deduction of the absorption and
the reflection properties of a plasma. Using the Saha-equation [38] and the
ideal gas model, the electron density Ne for an ionized gas with temperature
Tg, particle density Ng of gas, ionization energy Eion of gas, and pressure
pg = NgkBTg can be estimated in equilibrium:
Ne ≈ 5.8 · 10−4
NgT
5/4
g [K]
p
1/2
g [bar]
exp
(
− Eion2kBTg
)
. (2.14)
Under equilibrium conditions, the collision frequency γ is predominantly
affected by collisions of electrons with neutral atoms and molecules only.
Therefore an estimation of the collision frequency for electron-atom interac-
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tions is given using collision cross section σea, particle density of plasma Np,
and the electron velocity ve parameters [38]:
γ ≈ σeaNpve. (2.15)
Considering γ  ωp  ω for plasmas with small density and using equations
2.5 and 2.11, the absorption coefficient of plasma can be estimated to:
α ≈ γω
2
p
ω2c
∼ NeNp
ω2
∼ λ2. (2.16)
Thus the absorption coefficient is linear in terms of the electron density and
quadratic in terms of the wavelength for plasmas with small ionization degree.
For laser-induced plasmas, the Saha equation is only of limited value. Here,
the laser radiation may directly ionize materials by sequential or coherent
multi-photon excitation, or via collisions with electrons accelerated by the
laser field (impact ionization).
In the case of large irradiation intensities, nearly all atoms and/or mo-
lecules in a plasma are ionized. Therefore, the electron-electron collisions,
the diffusion of electrons out of the vapor/plasma plume, and the strong
non-equilibrium conditions have to be taken into consideration. Thus the ab-
sorption in a plasma can be estimated by considering inverse Bremsstrahlung
as the main ionization process [38]:
α ≈ B · λ3Z
2NiNe
T
1/2
p
[
1− exp
(
− ~ω
kBTp
)]
∼ λ3, (2.17)
with Tp the plasma temperature, Ni the ion density, and Z the average charge
of ions within a plasma. The parameter B can be estimated2 to 1.37·10−35.
2.1.3. Absorption in dielectrics
For most dielectric materials the photon energy E = ~ω in infrared, visible
and even UV wavelength range, is small compared to the material band gap
Eg. The electron density in the conduction band at room temperature is small
(typically 108−1010 cm−3 ) and mostly a consequence of thermal and defect-
induced charge carrier excitation. However, free electrons can be generated
by photon excitation. At large intensities on the order 1011 − 1014 W·cm−2,
the initial creation of the free-carriers is due to the multi-photon ionization
process, accompanied by the field and avalanche ionization [45]. A material-
specific Keldysh parameter γK [46] determines the prevailing ionization char-
2For λ defined in µm.
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acter – either by multi-photon, or by field ionization:
γK =
ω
e
[
mcnε0Eg
I
]1/2
. (2.18)
Here, ω represents the laser radiation frequency, I the laser intensity at the
focus, m and e the reduced mass and charge of the electron, respectively, c
the speed of light, n the refractive index of the medium, Eg the band gap of
the material, and ε0 the permittivity in vacuum.
At large γK the multi-photon ionization is predominant, whereas at small
γK , the field ionization primarily occurs. Several photons with ~ω < Eg are
absorbed during a multi-photon ionization process in order to raise bound
electrons into conduction band. This effect can be enabled due to the ultra-
short pulse duration of the laser radiation and therefore large intensities.
At a very large electric field density field ionization occurs. In this process,
the potential wall between valence and conduction band is deformed by the
electric field so that the bound electrons can tunnel into the conduction band.
The photoionization rate depends strongly on the laser intensity. In the
multi-photon ionization regime, the rate P (I)MPI is give by
P (I)MPI = σkIk, (2.19)
where σk is the multi-photon absorption coefficient for k-photon absorption
[23]. The minimal number of photons required for the multi-photon absorp-
tion is determined by the smallest k which satisfies the relation k · ~ω > Eg.
The tunneling rate, on the other hand, scales more weakly with the laser
intensity than the multi-photon rate.
Impact ionization is essential for femtosecond plasma generation and for
optical breakdown in dielectrics [47]. An electron with enough kinetic energy
can knock a bound electron out of its bound state (in the valence band)
and promote it to a state in the conduction band, creating an electron-hole
pair. Similarly, an excited hole can be promoted to an excited state within
the valence band. Hence, the energy released excites an electron-hole pair.
Therefore, impact ionization increases the number of free carriers but does
not affect the total energy of the system.
In the presence of defect states the absorption of optical radiation is more
efficient. For example, by applying multiple pulses at the same spot in a di-
electric the effective absorption per pulse increases. The corresponding incu-
bation effect is manifested as the reduction of the threshold fluence necessary
for the material damage when the number of pulses applied to the same spot
increases.
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2.1.4. Carrier redistribution
The process of excited carrier redistribution after absorption of the ultrafast
laser radiation applies both to metals and semiconductors. To exemplify in
case of metals, the energy distribution of valence electrons is described by
the Fermi-Dirac distribution, according to which, the probability f(E) of
one electron occupying a state with the energy E is given by
f(E) = 1
exp
(
E−µ
kBT
)
+ 1
. (2.20)
Here, µ represents the chemical potential, which is equal to the Fermi energy3
EF at T = 0 K: lim
T→0
µ = EF . At T = 0 K, all energy levels up to the Fermi
energy are occupied with probability 1 and all levels above the Fermi energy
are empty (Figure 2.1, left). At room temperature, the electrons closer to the
Fermi energy gain kinetic energy and raise their total energy by about kBT
and occupy energy levels above the Fermi energy, leaving some energy levels
below the Fermi energy empty (Figure 2.1, right).
Figure 2.1.: Energy distribution of the electrons in a metal at T = 0 K (left)
and at room temperature (right) according to the Fermi-Dirac
description.
The situation changes drastically after irradiation by the ultrafast laser
radiation (Figure 2.2, (a)) [48]. Initially the laser radiation is absorbed by
the valence electrons within a volume given by the the irradiated surface
and reaching deeper into the bulk up to the optical penetration depth of the
incident laser radiation.
The energy distribution at τ = 0 (laser pulse arrival) is a non-equilibrium
distribution and the temperature of the electronic system cannot be defined
at this point. The photoexcited electrons are immediately engaged in two
coexistent processes:
3Although the chemical potential µ equals the Fermi energy only at T = 0 K, in the case
of metals it remains very close to the Fermi energy at larger temperatures.
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Figure 2.2.: Three distinguished relaxation phases of optically excited elec-
trons in metals (based on [48]): (a) incident laser radiation is
absorbed by electrons close to the surface and creates a non-
equilibrium electronic distribution, (b) electrons reach a tem-
perature Te and the heat diffusion by electrons is initiated, (c)
electrons and lattice thermalize to a common temperature and
the thermal conduction by phonons is initiated.
1. ballistic electron transport, whereby the absorbed optical energy is re-
distributed deeper into the sample, increasing the photoexcited volume
and decreasing the energy density stored in the material, and
2. electron-electron collisions, whereby the energy of photoexcited elec-
trons is redistributed among the entire electronic system, establishing
a thermal equilibrium.
After tens of femtoseconds, depending on the material and the irradiation
intensity, the photoexcited depth exceeds the optical penetration depth, due
to ballistic motion of electrons (Figure 2.2, (b)). The energy distribution of
the electronic population inside the photoexcited region is again a Fermi-
Dirac equilibrium distribution due to electron-electron collisions. However,
the temperature of the electrons is increased due to the absorption, and the
spread of the distribution around the Fermi energy is larger than at room
temperature. At this point no energy has been transferred to the lattice.
Consequently the electrons and the lattice are described as two systems with
different temperatures. The electronic temperature, Te, is much larger than
the lattice temperature, Ti.
The thermal equilibrium (Te = Ti) is achieved several picoseconds after
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the irradiation (Figure 2.2, (c)). A quantitative description of thermalization
of the two-temperature system will be given in the following section.
2.2. The two-temperature model
The one-dimensional two-temperature diffusion model describes the transi-
tion of the laser energy deposited in the electron subsystem of a solid to the
lattice. The electron subsystem and the lattice are described by two different
temperatures: Te (electrons) and Ti (lattice), since the time of the energy
relaxation within the electron subsystem is much smaller than the time nec-
essary to transfer this energy to the lattice. Electron heat diffusion into the
bulk takes place simultaneously with the transfer of energy to the lattice
(phonons) by collisions. Heat diffusion of the electron subsystem is much
faster than the lattice-mediated heat diffusion. The thermal conductivity of
the lattice can therefore be neglected on the time scale of the electron-phonon
coupling. The temporal and spatial evolution of Te and Ti are described by
the following coupled one dimensional differential equations [4, 5]:
Ce
∂Te
∂t
= −∂Q(z)
∂z
− γ (Te − Ti) + S (2.21)
Ci
∂Ti
∂t
= ∂
∂z
(
ki
∂Ti
∂z
)
+ γ (Te − Ti) (2.22)
Q (z) = −ke ∂Te
∂z
S = I (t)α exp (−αz)
where z is chosen perpendicular to the sample surface, Q(z) is the heat flux,
I(t) the laser intensity measured in [W·cm−2], α the material absorption co-
efficient including the surface absorptivity, while Ce,i are the electron and
lattice heat capacities per unit volume. γ is the electron-phonon coupling
coefficient and ke and ki the electron and lattice thermal conductivity, re-
spectively. The electron temperature at the end of the irradiation is deter-
mined by Eq. 2.21, neglecting the electron heat diffusion and electron-phonon
coupling during the irradiation. Solving the first three equations, assuming a
rectangular temporal profile of the laser pulse of intensity I0 and duration τL,
results in an approximate expression for the attainable lattice temperature:
Ti ' Fa
Ci
1
l2 − δ2
[
l exp
(
−z
l
)
− δ exp
(
−z
δ
)]
, (2.23)
where Fa is the absorbed fluence, δ = 1/α is the optical penetration depth,
and l is the electron heat diffusion length given by
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l =
√
Dτa, (2.24)
D being the electron diffusivity, and τa the energy transfer time from the
electrons to the lattice. The absorbed fluence is defined as
Fa = (1−R) I0τL = E (1−R)
A
with the laser pulse energy E, the sample reflectivity R, and the laser focal
spot area A.
The ablation depth per laser pulse (or ablation rate) can be calculated
assuming an Arrhenius-type of evaporation [5, 49]. A significant evaporation
can occur if CiTi ≥ ρΩ , where ρ is the density and Ω the specific (per unit
mass) heat of evaporation. Two cases have to be distinguished:
1. small irradiation intensities: the density of hot electrons is considered
to be small enough that the energy transfer between the electrons and
the lattice occurs only within the area characterized by the optical
penetration depth δ;
2. large irradiation intensities: the electron heat diffusion length l becomes
significant and the ablation rate increases.
In the first, the small intensity case, the ablation depth per pulse Lδ is given
by
Lδ ∼= δ ln
(
Fa
F δthr
)
, F δthr = ρΩδ. (2.25)
In the second case, the large intensity case, Ll gets
Ll ∼= l ln
(
Fa
F lthr
)
, F lthr = ρΩl. (2.26)
F δthr and F lthr are the ablation threshold fluences for the small fluence and the
large fluence regimes, respectively. In the sub-picosecond range, the thresh-
old fluence for ablation of metals and semiconductors does not significantly
depend on the pulse duration [38]. The depth of the zone affected by the ul-
trafast laser radiation depends strongly on the electron heat diffusion length
and is smaller for materials with larger electron-phonon coupling (compare
Eq. 2.24), such as transition metals with unfilled d-shell, than for good con-
ductors as Ag and Cu [50]. However, if the laser fluence is sufficiently small
(F ≤ 10 · F δthr), the ablation depth can be even smaller than the optical
penetration depth (Eq. 2.25).
The validity of the two-temperature model for the ultrafast laser abla-
tion of metals has been experimentally verified [4, 51]. For dielectrics, it
26 Fundamentals of the ultrafast melting and ablation of matter
should give a qualitative description, but some additional pathways for en-
ergy dissipation into the lattice have to be taken into account [45]. Further-
more, additional channels for energy deposition into the lattice besides the
electron-photon coupling are existent due to electron trapping and recombi-
nation. It should be noted that also the electron-phonon coupling is highly
energy-dependent. The laser energy absorption takes place also by activat-
ing the phonon bath due to the free electron heating, before electron-phonon
coupling is initiated. Calculations have been made in the frame of this “ther-
mal spike” model [52] in the case of swift heavy ion irradiation of dielectrics.
Considering that hot free electrons in the conduction band of a dielectric
material have physical properties comparable to hot metal electrons, large
temperatures (T ≈ 3000 K for fused silica) have been calculated. The mean
electron diffusion length results in ∼ 4 nm.
Irradiation at large intensities
The validity of the two-temperature model in the case of material irradia-
tion at large intensities, corresponding to the fluences F  Fthr, has to be
examined, too. The two-temperature model described above assumes a uni-
form temperature distribution of the electrons in material. However, after
irradiation of materials at large intensities the electron distribution does not
obey the Fermi-Dirac law anymore [53]. Therefore no thermal equilibrium
with a temperature Te within the electron system can be assumed. However,
calculations of the electron collision statistics [32] indicate that an athermal
electron gas does not affect the electron-phonon interaction significantly. Con-
sequently, the two-temperature model is also valid for the case of irradiation
at large intensities.
With increasing irradiation fluence, however, the temperature-dependence
of material parameters has to be taken into account. For an appropriate
parameter selection of the electron system used for the calculations of the
lattice temperature, the Fermi temperature TF can be used:
Te  TF , Ce ∝ Te, ke = const. (2.27)
Te  TF , Ce = const. ke ∝ T 5/2e . (2.28)
Furthermore, dependence of the electron collision times, electron-phonon
coupling constant γ and lattice parameters on the irradiation intensity should
be considered for calculations of the induced lattice temperature rise [54].
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2.3. Structural changes and material removal
The mechanisms governing the material removal during the ultrafast laser ab-
lation are still subject to intensive investigations. Final lattice temperatures
can be calculated from the two-temperature model, presented in Section 2.2.
For typical intensities used in ultrafast laser ablation (1012 − 1015 W·cm−2),
maximum temperatures of several thousands Kelvin are achieved in the sur-
face layer, whose thickness is on the order of magnitude of the optical pen-
etration depth. The material response to irradiation is not only controlled
by the physics of coupling the optical energy into the material, but also by
the subsequent dynamics for heat transfer, accompanied by the generation
of a liquid-solid interface and a vapor plume [45]. Heat conduction in laser
irradiated solids on a small time scale (determined by electron-electron and
electron-phonon thermalization) is given by electron heat conductivity i.e. by
electron transport. On a larger time scale (larger than electron-phonon cou-
pling time), heat conduction and thermal energy redistribution occur due to
the phonon transport. As a rule, thermal processes occur after the electron-
phonon relaxation, when the system can be considered to be in a state of
local equilibrium. For investigations of ultrafast laser ablation, a detailed
understanding of the occurrence of the following thermal and non-thermal
phenomena is required:
1. formation of plasma and electron emission (Sec. 2.3.2),
2. non-thermal and thermal melting (Sec. 2.3.3),
3. normal vaporization and subsurface heating (Sec. 2.3.4),
4. normal boiling (Sec. 2.3.5),
5. phase explosion (explosive boiling) (Sec. 2.3.6),
6. critical point phase separation (CPPS) (Sec. 2.3.7).
Furthermore, ablation of materials irradiated at near-threshold intensities
has to be discussed separately (Sec. 2.3.1) due to its mostly non-thermal
character and differences to ablation at large irradiation intensities.
2.3.1. Near-threshold ablation
As described in Chapter 1 and Section 2.2, the optical laser energy is trans-
ferred to the electron system within an optical penetration depth on the
order of l ≈ 10 nm. Subsequently, the lattice is heated quasi-isochorically by
the relaxing electrons within several picoseconds to temperatures of several
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thousands Kelvin [14]. In this non-equilibrium the heated surface layer in-
duces a thermoelastic pressure of several GPa (A) on the surrounding area,
as schematically presented for near-threshold ablation of aluminum (Figure
2.3) [55].
Figure 2.3.: Pressure-density diagram of aluminum (from [55]). Thin solid
lines: isotherms. Dotted and dash-dotted line: isentropes. Shaded
area: two-phase coexistence layer with the thickness d ≈ lopt +
lthermal . 100 nm.
The large pressure is assumed to dissipate by generation of a “rarefaction
wave” [14]. As a result, the surface of the heated layer is expanding with
a local velocity vrw both inward and outward the material. The expansion
occurs admittedly faster than the heat transfer in the material, therefore an
adiabatic process can be assumed (dotted and dash-dotted lines in Figure
2.3). Accordingly, the change of thermodynamic state from (A) to (C) occurs
via the meta-stable state (B), where gas and liquid co-exist (shaded area in
Figure 2.3). In this inhomogeneous phase, bubbles can be generated in the
material layer, whereupon its density decreases rapidly. While the inhomoge-
neous phase is produced during expansion outward the material, a shock wave
is expanding into the material. Consequently, the density decreases within
the heated and rarefied layer, and the reflected rarefaction wave moves a thin
liquid layer outward the material.
The occurrence of such ablation pattern has been observed experimentally
on different metals and semiconductors at fluences Fthr 6 F 6 1.3− 5×Fthr
[14, 15, 55]. Typically, the ablation starts at τ = 100 ps after irradiation [32]
and lasts for some 10 ns. At larger irradiation fluences, the thermodynamic
system escapes the co-existence area of gas and liquid. Therefore no rarefac-
tion wave can be generated. Extensive hydrodynamic calculations have also
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been reported [56, 57]. Molecular dynamics and hybrid calculations support
the assumption of a thin liquid layer expanding outward the material [58].
Besides the thermoelastic pressure produced by the heated material layer,
a light pressure pph is also applied and can be estimated to
pph =
R+ 1
c
I, (2.29)
where R represents the reflectivity, I the applied irradiation intensity, and c
the speed of light [59]. The produced pressure is on the order of few GPa at
the intensity I ≈ 1014 W·cm−2 and can contribute to the ablation consid-
erably [60]. The accompanied shock wave moving inward the material leads
to a compression and further heating. Consequently, the near-threshold ab-
lation is mostly driven by laser-induced and thermoelastic pressure and the
thermodynamic properties of the material.
2.3.2. Plasma formation and expansion
Metal surfaces irradiated with light can emit electrons (external photoeffect)
[61]. The photon energy has to exceed the work function ΦB . According
to Appendix B, for pure metals (Al, Cu, Fe, Au, W) at room temperature
the work function is in the range ΦB = 4.3 − 5.1 eV. Therefore, in case of
laser irradiation at λ = 800 nm (Eph ≈ 1.55 eV), at least three photons are
required to induce the external photoeffect. The excessive photon energy is
then converted to the kinetic energy of the emitted electrons.
Electron emission at irradiation intensities I ≈ 1013 W·cm−2 (at tp =
35 ps, F = 120 J·cm−2) has been investigated experimentally [62], whereby
avalanche ionization has been observed. The electron emission rate of metals
irradiated by ultrafast laser radiation (tp = 83 fs, F = 1.5 J·cm−2) is reported
to be on the order of rPE ≈ 1033 cm−2s−1 [63].
Thermionic emission (Richardson effect) represents the flow of electrons
from a surface or over some other kind of electrical potential barrier, caused
by thermal vibrational energy overcoming the electrostatic forces restraining
the charge carriers [64]. The electron flow JTE can be calculated as
JTE = ART 2 exp
(
− eΦB
kBT
)
= 4piemekB
h3
T 2 exp
(
− eΦB
kBT
)
, (2.30)
where AR = 1.20173·106 A·m−2·K−2 represents the Richardson parameter.
For thermionic effect electron emission rates on the order of rTE ≈ 1028
cm−2s−1 have been reported directly after irradiation (tp = 83 fs, F =
1.5 J·cm−2) and rTE ≈ 1020 cm−2s−1 in the first 20 ps after irradiation
[63].
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Figure 2.4.: Scheme of the plume in the spherical expansion model (based
on [65]). R0 is the initial radius of the plume. The contact front
between the plume and the ambient (Rc) is moving with the
velocity R′c. Rsw denotes the front of the external shockwave.
The internal shockwave (Ri) propagates inwards.
The produced plasma is initially much smaller than the distances at which
the expansion is observed. These are the conditions under which the point
blast model (Figure 2.4) can be applied [65]. This spherical expansion model
is based on the laws of mass, energy and momentum conservation. The initial
size of the plume is given by the radius R0. In vacuum, the plume is free to
expand adiabatically. Initially the energy of the plume is purely thermal, and
during expansion it is transformed into kinetic energy. When the plume radius
is on the order of several R0, the energy is almost completely transformed
and the maximum velocity is reached and remains constant during further
expansion [38]. In the presence of an ambient gas, the plume acts as a piston.
The ambient atmosphere can be considered to be a homogeneous gas, with
constant specific heat Cg and density ρg. The gas is compressed and heated
in the external shockwave (with radius Rsw) which in turn decelerates the
plume.
If the mass of the gas in the external shockwave is comparable to or larger
than the mass of the plume, deviations from the free expansion will occur
and the plume will be slowed down. A large counter pressure builds up in the
ablated material close to the contact front (Rc). In that region, the gas tem-
perature is raised as the plume molecules collide with those of the ambient
gas and are reflected. The density is larger than in the center of the plume.
The internal shockwave (Ri) formed in such a way propagates inwards. A
significant part of the plume energy becomes thermal as the internal shock-
wave reaches the center. Much weakened, the internal shockwave is reflected
and the plume homogenizes. Additionally, the point blast model considers
the redistribution of energy between the thermal and kinetic energies of the
plume and the shockwaves, respectively [65]. Mixing of the plume and the
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ambient gas is not treated by the model.
Figure 2.5.: Dynamics of plume expansion in dimensionless variables (based
on [65]). E is the total energy of the free plume with radius R,
cg denotes the sound velocity in a given medium, and pg the
ambient gas pressure.
For different stages of the plasma expansion approximate solutions ex-
ist [38]. The temporal behavior of radii Ri, Rc, Rsw, and R obtained from
such a numerical calculation is plotted in Figure 2.5 [65]. At the earliest
stages, the plume evolution does not differ from the free expansion in vac-
uum, represented by R. Later, the plume deceleration get significant due to
the increasing difference between Rc and R. The onset of the decrease of the
radius Ri marks the moment in which the internal shockwave reaches the
center. Its further reflections are not treated by the model, and the plume is
considered to be homogeneous after that. Provided the external shockwave is
strong enough, the plume will be stopped and the contact front radius Rc will
not increase further. The validity of the model becomes limited since effects
like diffusion become significant at this point.
2.3.3. Melting
After the free carriers and the lattice thermalize, the material is essentially
the same as if it were heated in an oven. The laser radiation achieves this
heating within a very short time – as little as a few picoseconds. Melting
occurs if the lattice temperature is larger than the melting point. However,
such thermodynamic phase transitions cannot happen instantaneously. The
solid is superheated, but remains a solid during this time. Starting from
nucleation sites at the surface of metals/semiconductors or in the volume of
32 Fundamentals of the ultrafast melting and ablation of matter
dielectrics, the liquid and/or gas phase expands into the material. Three main
mechanisms of ultrafast melting are briefly discussed below: heterogeneous
nucleation and homogeneous nucleation, both representing thermal melting
mechanisms, as well as non-thermal melting.
Thermal melting
After the lattice temperature reaches the melting point of the material Tm,
the heterogeneous melting process is initiated foremost at material surface,
as well as at possible defects and inclusions, where the energy threshold for
melting can be conquered [4, 5, 38]. During heterogeneous melting, a melt
front propagates from the surface into the material with a velocity ultimately
limited by the speed of sound. Indirectly, it indicates that the large super-
heating for very large heating rates of several tens or hundreds of Kelvin per
picosecond can easily be reached by irradiating at large intensities. Thus, ac-
cording to the two-temperature model (Sec. 2.2), within a few picoseconds,
a material can be heated to large temperatures that, transiently, exceed the
melting point.
Another concept for the laser induced thermal melting of solids is given by
the homogeneous melting under strongly superheated conditions at tempera-
tures T > 1.5 · Tm. For sufficiently large heating rates a solid may melt com-
pletely within a few picoseconds [32], this time scale being mainly determined
by the time needed for electron-lattice equilibration. Therefore this process
can be significantly faster than heterogeneous, surface-nucleated melting.
Non-thermal melting
The effect of non-thermal melting has been experimentally observed in semi-
conductors where photoexcitation was provided by ultrafast laser radiation
[15, 14]. In semiconductors the valence electrons are not detached from the
ions like in metals, but they are localized between atomic lattice sites form-
ing covalent bonds between the atoms of the material. After irradiation, the
valence electrons absorb photons and some of them become excited from
bonding to anti-bonding states. As a result free carriers are created in the
photoexcited region and electronic charge is removed from areas located be-
tween the ions. Due to the removal of the negative charge, the screening of
the ionic potential is reduced and the ions start repelling each other. The
lattice deforms in order to reach the new equilibrium position.
According to the Lindemann criterion [66] if the atomic displacement
exceeds 10-20 % of the lattice constant the solid will melt. This is a non-
thermal melting mechanism because it happens directly after the arrival of
the laser pulse, before the electrons have the time to equilibrate and reach a
uniform temperature Te. Moreover, the lattice does not deform due to large-
2.3 Structural changes and material removal 33
amplitude oscillations induced by an increase in its temperature, as in thermal
melting, but due to deformation created by the altered potential landscape
after the electronic photoexcitation.
In conclusion, there are fundamental differences between thermal and non-
thermal melting mechanisms. Experimental studies demonstrated that non-
thermal melting is completed in hundreds of femtoseconds, much faster than
the picosecond time scale of the thermal melting mechanisms, set by the
electron-phonon coupling constant. Non-thermal melting is induced by ionic
deformations caused by a repulsive potential established between the ions due
to the presence of a photoexcited electron-hole plasma. Whereas in thermal
melting the lattice equilibrates with the electrons and heat is transferred
from one system to the other. Thermal melting is induced by large amplitude
lattice oscillations triggered from the increase in the lattice temperature.
2.3.4. Normal vaporization
Normal vaporization refers to the particle emission, e.g. clusters, molecules,
atoms, ions, and electrons, from the heated and/or molten surface. The flux
of the atoms leaving the surface (atoms·cm−2·s−1) is given by the Hertz-
Knudsen equation [38], describing the surface recession:
Φvap ≈ ηpsv (2pimkBT )−
1
2 , (2.31)
and the velocity of surface recession is given by
∂z
∂t z=0
≈ Φvap · m
ρ
≈ ηpsv (2pimkBT )
− 12
λ3. (2.32)
Here η is the vaporization coefficient, psv the saturated vapor pressure, m
the particle mass, kB the Boltzmann constant, T the target temperature,
ρ the target density, and λ the mean interatomic distance. An evaluation
of the vaporization velocity for different metals and for the temperatures
straddling their boiling temperatures exhibits that, within 1 ns, much less
than a monolayer of atoms can be vaporized [67]. This process, therefore,
does not significantly contribute to the material removal during ultrafast
laser ablation.
In the case of normal vaporization, atoms are vaporized from the surface
carrying away heat. The exponential depth temperature profile of a target,
given by thermal diffusion (Sec. 2.3.8), is therefore modified, such that it is
hotter beneath the surface. Investigations on aluminum have demonstrated
that normal vaporization has a non-significant magnitude [68]. The duration
of normal vaporization is on the picosecond up to nanosecond scale.
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2.3.5. Normal boiling
Normal boiling involves heterogeneous nucleation within the (bulk) liquid
at the boiling temperature Tb. Once formed, the bubbles have to diffuse and
escape from the surface of the liquid. The bubble diffusion distances in liquids
are of the order of 1-10 pm in 1 ns [68], meaning that this process is too slow
to account for the material removal by ultrafast laser radiation.
One of the requirements for normal boiling is that the pulse duration is
sufficiently long for heterogeneous nucleation to occur. The material under-
goes normal boiling from a region ranging from the surface to a depth related
to the optical penetration depth or the electron heat diffusion length. In this
case, large temperature gradients cannot exist among the moving bubbles,
which sustain boiling. Consequently, during normal boiling the surface tem-
perature is fixed at Tb, and the temperature gradient at and beneath the
surface is ∂T/∂x ≈ 0.
2.3.6. Phase explosion
Even for nanosecond laser radiation, the normal boiling process can be too
slow to keep the temperature close to Tb. Rapid heating to temperatures
much larger than the boiling temperature, as in the case of the ultrafast
laser ablation, causes superheated, metastable states of liquid, as presented
in the temperature-density phase diagram typical for metals (Figure 2.6).
The dashed line represents the binodal curve which is a boundary between
the one-phase region (vapor, liquid, supercritical) and the two-phase region
(gas-liquid). The dotted line is the spinodal curve, the coexistence line of
stable and unstable states and the boundary of absolute instability. Their
common vertex is the critical point. In between the binodal and the spinodal
are the metastable regions (supercooled vapor and superheated liquid (SHL)).
The dash-dotted arrow shows schematically the transition from the solid
density sample at room temperature A to a superheated liquid state B. The
temperature for the onset of the phase explosion is on the order of ∼ 0.90 ·Tc
(Tc being the thermodynamic critical temperature).
As a consequence, homogeneous nucleation occurs, and the target makes
a rapid transition from a superheated liquid to a mixture of vapor and liquid
droplets. The tensile strength of the liquid decreases and pressure fluctuations
occur. The nucleation rate for phase explosion can be given [in nuclei/cm3s]:
In ≈ 1.5 · 1032 exp
(
−∆Gc
kBT
)
, (2.33)
with ∆Gc – the free-energy change associated with the formation of a spher-
ical critical nucleus. The nucleation rate In is significant only for tempera-
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Figure 2.6.: Temperature-density phase diagram typical for metals. The bin-
odal is represented by the dashed line, and the spinodal by the
dotted line. The solid lines schematically represent possible tran-
sitions from the cold solid to the superheated liquid (SHL) and/or
vapor state.
tures approaching the critical thermodynamic value [45, 67]. As in the case
of normal boiling, phase explosion gives a temperature profile with the form
∂T/∂x ≈ 0 at and beneath the surface. At these large temperatures also
various hydrodynamic effects, e.g. rarefaction waves [14], are likely to occur.
Large-scale density fluctuations are characteristic for the metastable re-
gions. The sample experiences a rapid transition from superheated liquid to
a mixture of vapor bubbles and liquid droplets. This kind of bubble forma-
tion takes place spontaneously anywhere in the superheated volume and it
is called homogeneous nucleation. At temperatures close to Tc and in the
vicinity of the spinodal, the rate of the homogeneous nucleation is so large
that the number of critical nuclei (vapor bubbles that are large enough not
to collapse) formed within ∼1 ns is sufficient for an explosion-like relaxation
of the heated region into a mixture of vapor and droplets [67].
2.3.7. Critical point phase separation
The critical-point phase separation (CPPS) [69] is suggested as a possible
ablation mechanism with ultrafast laser radiation only, resulting in a clear
separation between the ablated matter and the unablated target. CPPS oc-
curs through spinodal decomposition involving thermodynamic instabilities
near the critical point of metals.
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Estimations of the time scale of the electron-phonon coupling and the final
lattice temperature values that can be reached after the sample irradiation
by ultrafast laser radiation indicate that the course of the phase transition
(lines ACD, ACE in Figure 2.6) should differ from the one discussed for the
phase explosion (line AB) and nanosecond laser radiation [69]. The heating
rates of up to 1015 K/s transfer the material isochorically into the hot, highly
pressurized (several GPa), fluid state with the temperature close to or well
above the critical temperature (line AC in Figure 2.6). Some of the particles
in the uppermost layer have enough energy to transfer into the vapor phase
directly (line ACD). The pressure gradient causes an expansion of the layer
away from the target (and the formation of a shock wave that propagates
into the solid). At this point, the ambient pressure has little influence on
the processes since it is much smaller than the pressure within the hot layer.
The expansion is accompanied by adiabatic cooling (line ACE). The parts
of the layer material that pass through the states close to the critical point
can either vaporize directly, or reach the states of a superheated liquid or
supercooled vapor, or return into the solid state. At large heating rates, the
material can also be directed into an unstable zone in the phase diagram.
Similar to phase explosion, rapid density fluctuations occur in the unstable
regions, which leads to explosive ejection of vapor bubbles and liquid droplets.
2.3.8. Thermal diffusion and resolidification
A molten phase generated by laser excitation does not last indefinitely due
to thermal diffusion. The laser radiation only heats a region roughly defined
by the spot size and the absorption depth of the laser radiation. Surrounding
parts of the material will remain at room temperature. The diffusion equation
that governs this process is
δ
δt
T (x, t) = −DT∇2T (x, t)
where T is the temperature, and DT the thermal diffusion constant. Thermal
diffusion times for most metals are on the order of some 10 ns for irradiation
at λ = 800 nm.
Thermal diffusion reduces the temperature of the material in the pho-
toexcited region. If no phase transition has occurred, the temperature simply
decreases to the ambient value. If liquefaction or vaporization has taken place,
then resolidification or condensation follow as the temperature decreases be-
low the melting or boiling points, respectively. However, resolidification does
not necessarily provide a return to the structure that existed before the laser
excitation. On a macroscopic scale, a crater is formed after evaporation and
ablation. In addition, on a microscopic scale, the solid formed during cooling
may be in a different material phase than the original material. For example,
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crystalline to amorphous transitions have been detected in GeSb films [15].
2.4. Summary and implications for this work
Figure 2.7 presents a range of characteristic times for the various processes
considered in this chapter. The applied irradiation intensity, however, can
affect characteristic times in a number of ways: through the charge carrier
density, through the electronic and lattice temperature, or through changes
in the band structure. One of the central purposes of this work is to provide
new experimental evidence on some major ablation phenomena commonly
suggested for the case of ablation by ultrafast laser radiation at large inten-
sities. Particularly, the first observations of melt dynamics in the µs-range
after irradiation (Figure 2.7, color-marked processes) with sub-picosecond
temporal resolution are presented in this thesis (Chapter 4).
Figure 2.7.: Map of ablation phenomena and their characteristic time scales
(based on [57]). Processes under investigations in this thesis are
color-marked.
Experimental studies of these ultrafast processes, e.g. its characterstic
time scales as well as its particular influence on resulting ablation, would
considerably advance toward establishment of a conclusive, qualitative large-
fluence ablation model. Prediction of ablation rates for different materials,
laser induced morphological changes and modified material properties repre-
sents a further objective of this work.

3. Experimental tools and
techniques
In this chapter, optical methods for time-resolved measurements will be dis-
cussed as well as their enhancements utilized in this work. Further, a valida-
tion of these enhanced techniques will be presented including a discussion of
experimental limitations.
Characterization of the adopted ultrafast laser radiation is presented in
Sec. 3.2. Particularly, the pedestal radiation with pulse duration on the order
of ∼ 10 ns accompanying the ultrafast laser radiation, has been characterized
(Sec. 3.2.2). Advanced delaying techniques of the ultrafast laser radiation up
to τ = 2 µs are described in Sec. 3.2.4.
Time-resolved shadowgraphy used for detection of the ultrafast laser abla-
tion on metal surfaces, as well as the transient quantitative phase microscopy
(TQPm) adopted for time-resolved optical phase measurements, are pre-
sented in Sec. 3.3.
For investigations of the influence of the residual ambient pressure on
ablation, a compact vacuum chamber has been designed (Sec. 3.3.6).
3.1. Studying ultrafast phenomena with light
Time-resolved measurements are of fundamental importance in the study of
ablation processes and material properties. Irradiation by ultrafast laser ra-
diation serves as a first step in order to excite a certain charge carrier density
inside the material. In the intense excitation regime (I ≈ 1012−1015 W·cm−2)
a large electron population is excited and the material state is significantly
altered. The pathway of the material evolution after such an excitation ex-
hibits much information about the mechanisms involved in later phase tran-
sitions, e.g. plasma emission, shockwave formation, material expulsion etc.
The response of a material both during the first picoseconds, and several mi-
croseconds after photo-excitation, is crucial in defining the evolution of the
material state. Therefore, dynamical studies with femtosecond time resolu-
tion are needed for elucidating the relevant processes during the ultrafast
laser ablation. Although pulsed x-ray and electron sources advance rapidly
towards the few-femtosecond regime, optical pulses remain still the shortest
probes available for time-resolved experiments.
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The challenge of the investigations of ultrafast phenomena is in the detec-
tion of such fast processes. Electronic devices, such as high-speed cameras are
not fast enough to offer any time-resolved information with sub-picosecond
resolution. Thus, for ultrafast photography and phase microscopy, another
tool for the study of laser-induced dynamics is needed. One solution is pro-
vided by the pump-probe method, which utilizes the ultrafast laser radiation
not only for inducing the processes under study but also for detecting them
(Figure 3.1). A laser pulse, called the pump, irradiates the surface of the
sample (or in the volume of a transparent sample) under study and initiates
a sequence of physical processes. A second pulse, called the probe, detects
the altered state at a well known time delay. By varying the time delay τ
between the pump and the probe, laser-induced material dynamics can be
investigated.
Figure 3.1.: Scheme of an optical pump-probe experiment (BS – beamsplitter,
M – mirrors, DS – delay stage).
The time resolution of the method is limited by two factors: the duration
of the probe pulse and the value of τ (Section 3.2.4). The probe is usually
much weaker than the pump in order to minimize its influence on the pro-
cess. Ideally, a probe that does not add any excitation to the material under
study is needed, but generally it is impossible to measure a system without
perturbing it [61]. To minimize the perturbation in experiments presented
below, probe pulses that are more than 1000 times weaker in intensity than
the pump pulses are used. Therefore the effects induced by the probe are
negligible compared to those created by the pump. Furthermore, in order
to ensure probing of differently excited sample areas, the probe spot size is
kept much larger than the pump spot size. Finally, to avoid scattered pump
light entering the detection area, in a part of experiments, different wave-
length or polarization of the pump and the probe radiation are applied and
distinguished using wavelength filters and/or polarizers.
3.2 Ultrafast laser radiation 41
3.2. Ultrafast laser radiation
3.2.1. Generation and amplification of ultrafast laser
radiation
The CPA-femtosecond laser system (Thales CONCERTO) used for ablation
experiments consists of a mode-locked Ti:sapphire seed laser (oscillator, Fem-
tolasers FEMTOSOURCE 20S) pumped by a diode-pumped cw laser (Co-
herent Verdi-5), an intracavity frequency doubled, q-switched Nd:YLF pump
laser (Thales YLF-20), a Ti:sapphire regenerative amplifier (RGA), and a
Ti:sapphire multi-pass amplifier (MPA). Technical data of the system are
summarized in Table 3.1.
Laser Wavelength
λ(nm)
Pulse
duration tp
Power/energy
P/Ep
Repetition
rate frep
Seed laser 800±20 20 fs 400 mW/5 nJ 76 MHz
Pump Laser 527 500 ns 19 W/19 mJ 1 kHz
CPA-Amplifier 800±15 80 fs – 3 ps 1,5 W/1,5 mJ 1 kHz
Table 3.1.: Technical data of Thales CONCERTO femtosecond laser system.
Oscillator
Radiation with pulse durations tp 6 10 ps is generated by passively mode-
locked laser oscillators [70]. The phases of the longitudinal optical modes
of the laser radiation in the laser cavity are locked together by self-induced
processes, also called passive effects, such as Kerr-lensing (KLM) in the gain
medium, by additive pulse mode-locking (APM), or by use of a saturable
absorber. The large repetition rates of passively mode-locked lasers are de-
termined by the length of the optical cavity. The typical repetition rates for
this solid-state oscillators are on the order of 100 MHz. Direct diode-pumped
solid-state laser systems with active media based on rod, fiber or disk geom-
etry are in use as well.
The CPA amplification
The principle of CPA amplification is based on a Master-Oscillator-Power--
Amplifier (MOPA) principle: laser radiation with small pulse energies in the
range Ep = 1–10 nJ is generated by an ultrafast laser oscillator, called a
seeder, working at large repetition rates in the range frep = 10–100 MHz.
From this laser radiation pulses are extracted at much smaller repetition rates
using a Pockels cell or an acousto-optic modulator. Depending on the final
pulse energy the repetition rate varies between frep ≈ 104 Hz at pulse energies
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Ep ≈ 1 mJ and frep ≈ 10−4 Hz at pulse energies Ep ≈ 1 kJ and larger [70].
The radiation of the seed laser is amplified in at least one or several amplifier
systems. In a chirped-pulse amplifier, pairs of diffraction gratings are applied
to temporally stretch the optical pulse prior to the amplification and then
temporally compress the pulse after the amplification (Figure 3.2). The main
difference between a MOPA laser system with pulse durations tp > 100 ps
and CPA systems is found in the large peak intensities attainable by ultrafast
laser radiation, being above threshold intensities of optical materials.
Figure 3.2.: Principle of chirped pulse amplification (CPA): stretching, ampli-
fication and compression of ultrafast laser radiation by gratings
[71].
Before amplification the peak intensity has to be reduced by increasing
the pulse duration of the laser radiation to hundreds picoseconds in order
to avoid damage of the amplifier optics. Increasing of the pulse duration
is achieved by chirping the pulse using diffraction gratings, prisms or dis-
persive fibers. After amplification the pulse duration is reduced again using
grating or prism compressors. Large intensities are affordable by using laser
radiation with large pulse energies and small pulse durations. At intensities
I > 1012 W·cm−2 the amplified laser radiation has to be carried through
evacuated beam lines.
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3.2.2. Characterization of the pulse contrast
A detailed characterization of the adopted ultrafast laser radiation, i.e. its
spatial and temporal intensity distribution, is essential for ablation studies
at large fluences. The advent of the chirped-pulse amplification technique
(CPA) [72] and subsequent amplification of sub-picosecond pulses to larger
energies [73, 74] has made ultrafast multi-terawatt laser systems feasible and
affordable. However it is known [75] that CPA based lasers produce pulses
containing background pedestals with nanosecond duration caused either by
incorrect recompression of the stretched pulses or by the amplified sponta-
neous emission (ASE). The intensity contrast ratio (ICR)1 of ASE pedestals
is on the order of typically 105−108, which can be however improved by using
extensive ASE-suppression techniques [76, 77]. As the pulse energy adopted in
experiments increases, background pedestals preceding main laser pulses can
reach a significant level of energy and change target properties even before
the arrival of the main pulses to targets [78]. Therefore a careful characteriza-
tion of background pedestals as well as its action on laser-matter interaction
are necessary in order to compare the experimental data with theoretical
predictions.
Origins and properties of radiation pedestals
Ultrafast laser radiation generated by the CPA technique has been adopted in
ablation experiments. One of the challenges of the CPA technique is to obtain
pulses with large temporal contrast. After amplification of laser radiation
in a CPA laser, the main large power femtosecond pulse is accompanied
by a nanosecond pedestal due to the amplified spontaneous emission, and
possible short pre-pulses generated due to imperfect optical switching before
or during amplification. In large-intensity irradiation experiments, pre-pulses
and nanosecond pedestals with intensity contrast ratio (ICR) of e.g. 105−108
can attain a significant level of energy producing a pre-plasma which can
then interact with the main femtosecond pulse and contribute to ablation
considerably. The pre-plasma may both partly absorb the main pulse, and
pre-heat the surface to be ablated by the main pulse [78], if the fluence of the
ASE pedestal exceeds the ablation threshold for the nanosecond regime. This
can also have damaging effects on the physical phenomena being studied. It
is, therefore, crucial to both characterize and control the pre-pulses and the
background radiation accompanying the main laser pulse.
For solid-target interactions, the effective duration of the laser radiation
is not the usual full-width at half-maximum (FWHM) of the ultrafast radi-
ation. Indeed, if the fluence of the laser radiation which precedes the main
1ICR is defined as the ratio of the peak intensity of the main femtosecond pulse and the
pedestal.
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femtosecond pulse, exceeds the ablation threshold fluence of the material, by
the time the main pulse hits the target, it would interact with a pre-plasma.
Then the optical energy would be deposited into the solid at relatively small
fluences, no longer making this a pure solid-target/ultrafast laser radiation
experiment. Pre-plasma formation from the material can occur at intensities
ranging from 108 − 1013 W·cm−2, depending on the pulse duration (from
nanosecond to sub-picosecond) [79, 80]. With focused laser radiation at main
pulse intensities nowadays up to 1014 − 1019 W·cm−2, an ICR < 107 is no
longer sufficient for experiments using ultrafast laser radiation. In experi-
ments using short-pulse Ti:sapphire lasers, the contrast issues restrict them
to meaningful solid-target interactions for intensities of 1014 W·cm−2 or less
[6, 81, 82, 83]. Therefore a careful characterization of background pedestals
is important for experiments at fluences F  Fthr.
The four main causes for background pedestals in CPA lasers are:
1. pre-pulses due to the finite extinction ratio of the polarizing optics and
the misalignment of the birefringent materials (nanosecond timescale),
2. shoulders and pedestals arising from spectral clipping and phase dis-
tortion in the system (tens of picosecond timescale),
3. pedestals with ICR ≈ 106 arising in Kerr-lens mode-locked Ti:sapphire
oscillators (for at least several picoseconds) [84],
4. amplified spontaneous emission (ASE) at significant intensities caused
by the large amplification ratio of the laser system (nanosecond times-
cale).
Significant efforts have been undertaken to improve the ICR. The ICR value
in the range 104−106 given earlier as a typical ICR for glass and Ti:sapphire
lasers is still representative, but a few groups have focused particular atten-
tion on improving the ICR of their lasers [85, 86]. Incomplete recompression
can always be corrected with proper alignment of the system and various
third- and fourth-order compensation techniques [87], but the reduction of
the pre-pulses and the ASE is sometimes more challenging. Frequency dou-
bling takes advantage of the non-linearity of the doubling process to suppress
the low-intensity background, and more-or-less squares the ICR to values bet-
ter than 1010. For glass lasers, this option is viable because of the relatively
long pulse durations (tp ≈ 400 fs): a thick, efficient doubling crystal can be
used without affecting the pulse duration significantly. Conversion efficien-
cies of up to 80 % have been reported in this case. For Ti:sapphire pulses
featuring smaller pulse durations (tp ≈ 100 fs), the use of thick crystals re-
sults in doubling efficiencies usually on the order of 25 %, which constitutes a
considerable loss in pulse energy. Saturable absorbers remove the ASE in fem-
tosecond dye amplifiers, but their use in CPA systems induce spectral shift
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and narrowing of the chirped pulses. Thereby additional radiation shoulders
with nanosecond duration can be induced by the saturable absorbers. Also,
the ASE overlapped on the stretched pulse would not be removed, leaving
a non-compensable pedestal with a duration of the stretched pulse. Remov-
ing the pre-pulses and the ASE with saturable absorbers after compression
involve considerable energy losses even in the main pulse and degrade the
spatial profile of the pulse through nonlinear propagation in the absorber.
From the standpoint of solid-target interactions, known methods to clean
the ultra-short pulse include frequency doubling the recompressed pulse, us-
ing saturable absorbers and adding extra Pockels cells in the amplification
chain [85]. Another way of diminishing the ASE and pre-pulse problems is
to replace the regenerative amplifier by one or several multi-pass amplifiers
[86]. Using a combination of the methods above, it has been reported that
one can improve the ICR to values of 108 − 109 [75].
Determination of radiation pedestals
It is, therefore, important to measure the ICR of a laser not only in the
vicinity of the sub-picosecond pulse, but in the multi-nanosecond range to
have a complete history of the laser pulse. Third-order auto/cross-correlations
(TOAC/TOCC) [75] are well-adapted for high-dynamic-range measurements,
but extending them to longer timescales can prohibitively lenghten the pro-
cedure time. Streak cameras allow to rapidly measure a signal over a long
time duration, but have a dynamic range of about 102 − 103 for a given gain
setting, which is far less than the required range of 106 − 108. Experimental
techniques with extended dynamic range of the streak camera, such that si-
multaneously record the background and the main pulse have been adopted
using plasma shuttering to reduce the main pulse intensity, and sampling
multi-shot techniques to increase the signal of the background radiation [75].
The energy content of the ultra-short pre-pulses (Fig. 3.3) can be mea-
sured by a photodiode or a powermeter, and minimized to a negligible value
by an accurate alignment of the Pockels cell and by appropriate adjusting
of its switching time frame. On the other hand, the characterization of the
ASE can be very extensive, e.g. by measuring the third-order cross correla-
tion techniques (TOCC) mentioned above. In this work a photodiode-based
technique [88] has been deployed in order to characterize the ASE energy per
pulse of the laser radiation used in experiments. This technique is based on
the separation of the ASE radiation from the main femtosecond radiation by
filtering in the frequency domain before amplification (Figure 3.4).
In order to separate the ASE from the main pulse, a narrow gap (∆λ ≈
10 nm) is blocked in the input spectrum of seed pulses by mechanically plac-
ing a small block (width w ≈ 3− 4 mm) in the spatially dispersed region of
the pulse stretcher. Consequently the main pulse can evolve spectrally every-
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Figure 3.3.: Pre-pulses and main ultra-short pulse detected with a fast photo-
diode. Solid line and dashed line represent the same photodiode
signal, but differently scaled in order to emphasize the pre-pulses.
Figure 3.4.: Schematic principle of the adopted ASE determination tech-
nique. A ∆λ ≈ 10 nm spectral gap in the input spectrum of
the pulse stretcher is placed at λ ≈ 777 nm. After amplification,
the main pulse is filtered out by a narrow-band spectral filter
with high transmission in the gap.
where except within the gap. With the gap in the input spectrum, the ASE
radiation generally maintains its characteristics due to homogeneous spectral
broadening of Ti:sapphire used in the laser amplifier.
By using a narrow spectral bandpass filter (∆λ ≈ 3 nm) with large trans-
mission in the gap after amplification, the pure ASE can be extracted from
the laser radiation. The filtering is arranged by blocking the output spectrum
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of amplified radiation in the spatially dispersed region of the pulse compres-
sor. A narrow slit (w ≈ 1 mm) placed directly at the compressor grating has
been used for extracting the ASE signal. Because the main pulse signal is
completely rejected, the extracted ASE signal can be analyzed with a fast
photodiode. The position and the width of the gap in the spectrum can be
adjusted by changing the position and the thickness of the block in the pulse
stretcher. The position of the gap needs to be well within the spectrum of
ASE, and the width of the gap should be narrow enough to avoid the sig-
nificant change of the energy and the spectrum of amplified main pulses.
On the other hand, the width of the gap should be kept broader than the
transmission bandwidth of the bandpass filter to reject the main pulse signal
completely.
For the ASE measurement carried out in this work, the gap of ∆λ ≈ 10 nm
and a slit of ∆λ ≈ 3 nm were positioned at λ ≈ 777 nm in the input spectrum
and the output spectrum of the amplifier, respectively. By calibrating the
photodiode with a power meter for unseeded pulses, the ASE energy per pulse
after amplification has been measured to 0.8 % of the main pulse energy. The
pulse duration of the ASE signal is measured to tp,ASE ≈ 8−10 ns. Therefore
the intensity contrast ratio of the ASE is on the order ≈ 107 in performed
experiments2.
3.2.3. Characterization of the geometrical profile
Many emerging and existing applications of laser technology depend heav-
ily on accurate knowledge of properties of the focused laser radiation, such
as focal spot geometry and dimensions. Furthermore, for micromachining
adopting ultrafast laser radiation the ablation thresholds are defined sharply
[89]. If a Gauss-like spatial profile of the tightly focused ultrafast radiation
is given, the area to be ablated on a sample can be accurately defined. The
minimal irradiated area at an intensity above the threshold intensity can be
kept even below the diffraction limit, and is adjustable by varying the peak
intensity of the laser radiation (Figure 3.5). Thus, an exact characterization
of the geometrical profile of the adopted radiation is necessary.
The optics adopted for focusing the ultrafast laser radiation in this work,
e.g. microscope objectives, have been characterized in order to determine the
effective geometrical profile of the laser radiation, which further has been
used for evaluation of experimental results. In existing beam profiling meth-
ods for small-energy laser radiation, the beam is directly focused onto a CCD
camera. For applications requiring large irradiation intensities, this method
is not viable because the radiation is too intense for any CCD to withstand.
2The RGA in Thales CONCERTO laser system includes a double-pass high-contrast
Pockels cell for minimizing the pulse duration of ASE.
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Figure 3.5.: The Gaussian laser beam focused close to the sample surface and
the fluence distribution on the surface. The bold line indicates
the affected area which corresponds to fluences larger than the
threshold fluence Fthr.
In addition, the spatial resolution of this method is limited by pixel size and
pixel separation of the adopted CCD. Therefore, a practical method must be
devised to indirectly measure both beam quality and beam diameter. Using
the existing analytical methods explained below, and adopting additional op-
tical components, an effective characterization of the focused laser radiation
can be achieved.
Analytical methods of beam profiling
The concept of M2 is commonly used and represents a beam’s focus quality
relative to a perfect diffraction limited Gaussian beam, for whichM2 is equal
to one [90, 91]. The method used to analyze the gathered data, as well as
construct ideal beam caustics to which the results are compared, is given by
equation:
ω(z) = ω0
√
1 +
(
M2λ (z − z0)
piω20
)2
. (3.1)
This equation uses an M2 value and the minimum beam waist ω0 to extrap-
olate a caustic curve at points on either side of the focal point, where ω(z)
is the waist at a given distance z, from the focal point z0 (reference). The
wavelength of the light being focused is given by λ.
To calculate a minimum beam waist, the following equations are used:
ωT0 =
4λf
piωi
, (3.2)
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which is corrected using M2 by:
ωC0 = M2ωT0 . (3.3)
In these equations f represents the focal length of the optic being used to
focus the radiation. In addition, ωi represents the initial laser beam, ωT0 the
uncorrected theoretical beam waist, and ωC0 the corrected theoretical beam
waist.
Measurement setup and procedure
An apparatus (Figure 3.6) has been first designed for characterization of a test
microscope objective. A Polytec COHU CCD camera, a reference microscope
objective with NAtest < NAreference, and some supplementary magnifying
optics and attenuators have been used. The camera is attached to a computer
running Spiricon’s LBA-300PC beam profiling software. In preparation for
each set of measurements, the camera gain has been calibrated using the
software’s background correction feature.
Figure 3.6.: Schematic setup for characterization of the geometrical profile of
focused ultrafast laser radiation.
A spatial calibration has been performed for each objective using trans-
parent calibration plates featuring lines of known incremental spacing. The
plates have been positioned directly above the center of the measuring objec-
tive and illuminated adequately. Thereupon the distance between equivalent
edges of the lines have been measured.
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3.2.4. Temporal delaying
The majority of applications involving ultrafast lasers for pump-probe ex-
periments require an adjustable time delay for the laser radiation in order
to detect the fast processes time-resolved. Temporal delays are an indispens-
able part of ultrafast spectroscopy, biological and medical imaging, fast pho-
tometry and optical sampling, THz generation, detection, and imaging, and
optical time-domain reflectometry [21]. Laser-induced processes can also be
investigated by pump-probe experiments and need therefore a variable delay
setting of the probe to the pump pulse. The delay range depends on the pro-
cess investigated and varies between 1 ps for electric processes, for example
process duration of chemical reactions, and 1 µs for phonon processes, e.g.
process duration of melt dynamics and resolidification. The temporal resolu-
tion is also dependent on the process duration and, therefore, on temporal
delay. In general the adopted pulse duration of the probe radiation should
be about one magnitude below the process duration. The parameters of the
probe radiation should not vary with changing delay.
Two different approaches for temporal delaying in a pump-probe exper-
iment are presented below. In order to investigate the melting and ablation
dynamics of metals irradiated by single ultra-short pulses, e.g. expulsion of
vapor and liquid melt on the microsecond time range, a multi-pass delay
stage have been utilized. In contrast, for investigations of heat accumula-
tion in glasses irradiated with high-repetition rate ultrafast laser radiation,
temporal delaying using free-running lasers is applicable.
Multi-pass delay stage
A multi-pass delay stage with two concave mirrors, also called Herriott cell,
has been designed to obtain extra long optical paths up to lHerriott . 600 m.
The Herriott cell allows a number of beam geometries useful for various appli-
cations such as interferometry, long path spectroscopy, high-precision optical
loss measurements and multi-pass laser cavities. The key advantages of the
use of a multi-pass delay stage for femtosecond pump-probe experiments in-
clude:
• nearly constant pulse duration and, therefore, short illumination times
due to nearly zero-chirp concave mirrors, and
• preservation of the beam divergence, as a result of periodic focusing
inside the cavity, using appropriate design conditions.
In its simplest form, a Herriott cell based delay stage consists of a sta-
ble two-mirror resonator and a mechanism for injecting and extracting laser
radiation, for example by use of additional flat or curved mirrors, holes or
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Figure 3.7.: Schematic setup of a Herriott cell based delay stage (left), a
mirror with the slit for injection and extraction of the beam
(right).
slits in one or both of the mirrors. When the Herriott cell is properly ad-
justed, the incident beam injected with the correct offset and tilt relative
to optical axis, undergoes multiple bounces before exiting. In this work, a
multi-pass delay stage conceived for up to Nmax = 300 reflections per mirror
has been designed. Two spherical mirrors with focal length f = 1 m, diam-
eter d = 0.15 m and a 4.5 × 25 mm radial slit in one of the mirrors have
been used. Optical coatings by Layertec GmbH provide high reflectivity (Rm
> 99.9%) and nearly zero group delay dispersion (GDD) at the wavelengths
λ = 780−820 nm and at inclination angle ] =0°. The slit width matches the
beam diameter of the femtosecond laser exactly, in order to allow maximum
optical path in the Herriott cell. The separation between two mirrors can be
changed on the interval from L = f to L = 2f . In order to derive the general
condition required to preserve the q-parameter of the Gaussian beam [90],
an arbitrary Herriott cell, an initial injected beam ~r0 and its transfer matrix
MT at a spherical mirror surface are considered:
~r0 =
(
r0
r′0
)
, MT =
[
1 0
−2/R 1
]
. (3.4)
r0 represents the initial beam displacement from the optical axis, r′0 is the
initial entrance angle of the beam and R is the radius of curvature of the
mirrors. After n bounces, the beam vector becomes
~rn =
(
rn
r′n
)
= [M1] · [M2] ... [Mn] ·
(
r0
r′0
)
. (3.5)
Because of typically small entrance angles and very large radii of curvature
of the mirrors, astigmatism resulting from the tilted beam can be neglected
[90]. By using some basic techniques of matrix algebra, the transverse dis-
placements xn and yn of the beam and the angular position θ of the spots
around the ellipse formed after n successive bounces can be given:
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xn = A sin (nθ + α) , yn = B sin (nθ + β) , cos θ = 1− L
R
. (3.6)
Thus, if A = B = RH , a circle of radius RH will be outlined by the bouncing
beam. Parameters α and β can be then expressed:
tanα =
√
4f
L − 1
1 + 2f x
′
0
x0
, and β = α± pi2 . (3.7)
In order to preserve the q−parameter of the Gaussian beam, for the spe-
cific case of y′0 = 0, following start conditions for the initial beam displace-
ment and entrance angle can be given:
x0 = RH
√
L
4f , x
′
0 = −
RH√
Lf
. (3.8)
In this specific case, in order to satisfy the periodic “re-entrance condition”
[92] it has to be noted:
Nθ = 2pij, L = 2f
(
1− cos 2pij
N
)
. (3.9)
N is the number of beam passes inside the Herriott cell, and j is an integer
representing the circulation number of the spots around the circle. Using
equations 3.6 - 3.9 precise calculations for the mirror separation length can
be performed, according to required numbers of beam passes (Appendix C).
Some examples of numerical beam tracing calculations are presented in Fig.
3.8.
Figure 3.8.: Beam tracing inside the Herriott cell for N = 10, L = 1382.0 mm
(left), N = 50, L = 1625.2 mm (middle), and N = 100, L =
1749.3 mm (right).
One of the main disadvantages of using a Herriott cell based delay stage
with femtosecond laser radiation consists in the periodic changing of the
focus position inside the cell. When using large pulse energies, the mirror
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coatings can be damaged. The delay stage presented in this work has been
tested at entrance pulse energies up to Ep = 0.2 mJ and a pulse duration
tp = 80 fs. Therefore, in order to perform safe operations with the multi-pass
delay stage, certain accuracy is required by choosing appropriate values of
the pulse energy.
Since there is still a non-zero group delay dispersion (GDD) of mirror
coatings at the wavelengths λ = 780 − 820 nm for inclination angles larger
than ] =0°, an increase in pulse duration of the delayed laser radiation is
expected with increasing time delay. An extension of the pulse duration also
occurs because of the periodic focusing inside the Herriott cell as well as due
to a certain linear group velocity dispersion GVD of air within up to 600 m
optical path length. In order to analyze the overall chirp of the delay line, the
pulse duration has been measured in dependence on the delay for τ ≤ 1.8 µs
(Figure 3.9). The initial pulse duration was tp,initial = 80 fs (FWHM) and
the initial pulse energy was Ep = 150 µJ. The output power reached about
48% of the initial power at τ =1.10 µs and about 8 % of the initial power at
τ =1.81 µs.
Figure 3.9.: Pulse duration of the delayed laser radiation in dependence on
delay.
The increase in pulse duration in dependence on delay time is nearly
linear, providing the increase rate of ∆tp∆τ ≈16 fs100ns (pulse duration increases
by 16 fs per 100 ns of delay time).
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Delaying using free-running lasers
Temporal delaying can be produced by two laser systems having different
repetition rates. This setup produces a time delay sweeping effect, with the
sweep repetition frequency at the offset frequency between the repetition
rate of the two laser systems. A large scan frequency and slew rate can be
achieved using this setup. Often the lasers are connected to an external master
clock or are synchronized by the internal clock. In a pump-probe experiment
adopting two lasers, the pump is provided by laser 1, and the probe by
laser 2. Synchronization is achieved by passive optical methods, or electronic
synchronization. The passive optical method enables the largest accuracy –
at least as small as the used pulse duration – by interaction of the laser
radiation of both sources by an optical effect, e.g. cross-phase modulation.
Using free-running lasers, defined as non-temporally synchronized laser
sources, enables very fast delaying and scanning. Instead of the laser radia-
tion, flash light or a LED can be used as a probe, having the drawback of
large pulse durations above 100 ns in case of intense irradiation. Some flash
lamps and LEDs generate radiation with a pulse duration tp ≈ 10 ns, but
with small illumination intensities. So the proper choice is the use of an ul-
trafast laser source. A temporal causality between the two sources is achieved
by detecting the radiation of both lasers during the experiment by a photo
diode.
When the two laser sources have different repetition rates by order of
magnitudes the approach by free-running systems is still feasible. In this work,
the combination of an ultrafast fiber laser system producing laser radiation
at frep = 100 kHz as a pump has been coupled to a Ti:sapphire laser working
at frep = 0.5 Hz for the detection of the optical phase changes induced in
glass during micro-welding (Chapter 5). With this arrangement a detection
range up to 10 µs can be investigated.
3.3. Time-resolved diagnostics
3.3.1. Shadowgraphy
Time-resolved shadowgraphy is a detection technique for measuring phase
changes qualitatively. Only simple phase objects with preferably small ab-
sorption can be reliably detected by shadowgraphy. Small intensity fluctu-
ations in the imaging plane can be referred to optical phase changes, and
polarization variations as well.
Like conventional microscopy techniques, shadowgraphy requires punc-
tual illumination sources, at best almost diffraction-free laser radiation. Due
to the ultra-short pulse duration, time-resolved shadowgraphy with ultra-
fast laser radiation (tp < 1 ps) features small motion uncertainty, which
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Figure 3.10.: Different illumination arrangements for shadowgraphy (from
[93]).
enables detection of various ablation phenomena, like shockwave propaga-
tion. A shadowgraph, e.g. a sequence of bright and dark regions induced by
small optical or polarization phase changes, can be detected either directly or
using intermediate images (Figure 3.10) for detection of diverging, parallel,
or even converging beam arrangements.
The detection principle of shadowgraphy is based on optical beam di-
version due to local refractive index changes of the object. As a result, the
intensity distribution of the transmitted laser radiation varies proportional
to the derivation of the local refractive index gradients:
gradnlocal =
∂nlocal
∂x
,
thus being proportional to ∂2nlocal/∂x2.
The essential factors for applicability of shadowgraphy in an experiment
are the detector sensitivity, the diffraction conditions given by the experi-
mental arrangement, and attainable information certainty, or rather uncer-
tainty. The detector sensitivity is given by the specifications of the adopted
CCD camera. The diffraction limitations can be estimated by considering a
non-transparent object, being not a phase object, but an amplitude object.
Using Fresnel’s diffraction theory and some standard techniques of the geo-
metrical optics [94], the resulting diffraction patterns can be minimized by
adjusting the distance between the object and the illumination source. The
uncertainties are caused mainly by the non-punctuality of the illumination
source and can be minimized by using supplementary apertures in the optical
path. However, since none of these factors can be optimized independently, a
compromise has to be made in order to obtain the best shadowgraphy results.
The main disadvantages of time-resolved shadowgraphy is that only a
2D-projection of the investigated object/process can be detected. Different
phenomena, or material phases, e.g. vapor, plasma, liquid or resolidified melt
cannot be distinguished reliably.
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3.3.2. Transient quantitative phase microscopy TQPm
For the detection of the laser induced optical phase changes during ultra-
fast laser ablation of metals and during welding of glass, a new concept has
been developed – called Transient Quantitative Phase microscopy (TQPm).
TQPm is a phase imaging technique, i.e. for the visualization of the informa-
tion imprinted by a weakly absorbing object into the phase of a transmitted
electromagnetic wave. Thin phase structures can be made visible as an inten-
sity distribution by spatial filtering (dark field method, phase contrast etc.) or
by interference experiments. In conventional contrast imaging techniques, e.g.
Zernike’s method, phase distribution is visualized by transforming it directly
into intensity contrast distribution. Obviously the change of image intensity
along the optical axis (“the transport of intensity”) depends on the object
phase. In this work a novel extensive phase microscopy technique has been
adopted that utilizes non-coherent illumination. It is based on the variation
of the intensity while the position of focus is changed (Figure 3.11).
Figure 3.11.: Continuity condition in paraxial approximation. Transport of
intensity from I0 to I+ and I− corresponds to the phase changes
∆Φ1 and ∆Φ2, respectively.
The existing quantitative phase microscopy technology IATIA QPm™,
which works for statical measurements only, has been adopted and modified
in order to allow time-resolved phase measurements. QPm™ is an image cap-
ture and analysis tool for optical microscopes that is unique in its ability to
effectively quantify transparent samples using the principles of Quantitative
Phase Imaging (QPI)3. QPm™ uses an algorithm based on the Transport
of Intensity Equation (TIE) that describes the interrelationship between in-
tensity and phase [95]. QPm™ captures three digital intensity images and
processes them to yield separate images of both the amplitude and phase
3http://www.iatia.com.au
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of the object under investigation. The combination of the amplitude and
phase information completely defines the transmitted wave field of the sam-
ple. QPm™ is also able to generate images based on phase information only,
independent of intensity.
Once a phase image has been generated, various phase contrast tech-
niques, such as Differential Interference Contrast (DIC), Hoffman Modulation
Contrast (HMC) and Zernike Phase Contrast (ZPC) optics can be simulated
numerically. Conventional phase visualization methods like DIC, HMC and
ZPC, rely on special optics attached to the microscope. These tend to be
very expensive and result in a mixture of phase and amplitude information.
They also require a certain level of skill to obtain useful images and are
time-consuming to set up and optimize for each image.
Conventional QPm™ technique is not suitable for observation of ultrafast
phenomena, in which non-reproducible processes are involved, e.g. melt dy-
namics can not be investigated by capturing of three images sequentially. In
order to overcome this, QPm™ has been improved by enabling the capturing
of multiple pictures simultaneously. The development of this novel transient
quantitative phase microscopy (TQPm), its validation and some applications
for ultrafast engineering are presented.
Figure 3.12.: Principle of transient quantitative phase microscopy (TQPm).
Unlike QPm™, the developed TQPm setup combines three CCD cameras
with a commercial microscope (LEICA DML) (Figure 3.12), which enables
synchronous image detection and thus time-resolved phase microscopy. Using
custom-made software (Appendix D.1), three images of a phase object or a
transient process are captured simultaneously by the CCDs and pre-processed
in order to compensate possible image distortions due to slightly misaligned
optics etc. Afterwards the resulting phase is calculated by QPm™.
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Transport of intensity equation (TIE)
The IATIA QPm™ technology allows optical phase recovery from three con-
ventional brightfield images taken consecutively at slightly different focal
planes, e.g. with focal displacements of ∆z = ±5 µm. The phase recovery
technique is based on the numerical solution of the intensity transport equa-
tion (TIE) [96, 97, 98]
k
∂I (~r⊥, 0)
∂z
= −∇⊥ [I (~r⊥, 0)∇Φ (~r⊥, 0)] . (3.10)
Here, optical radiation propagates in z-direction, I represents the intensity, k
the wave number, and Φ the optical phase. Equation 3.10 relates the rate of
change of intensity, i.e. power per unit square, in the direction of the optical
axis to the intensity and phase of the optical radiation in a plane perpendicu-
lar to the optical axis. If the intensity is non-zero, equation 3.10 has a unique
solution for the phase [99]. The equation is soluble everywhere, if the inten-
sity distribution contains spatial variation. Both, analytical and numerical
calculations of the phase change have been reported [98, 100, 101]. For par-
tially coherent light, the paraxial approximation of the intensity propagation
can be assumed. In this case the phase can be recovered using [97]:
Φ (~r⊥, 0) = −k∇−2⊥
{
∇⊥ ·
[
1
I (~r⊥, 0)
∇⊥∇−2⊥
∂I (~r⊥, 0)
∂z
]}
, (3.11)
where ∇−2⊥ is the inverse Laplacian, and k is the averaged value for the wave
number. For quasi-monochromatic radiation with uniform intensity equation
3.11 can be simplified:
Φ (~r⊥, 0) = −k 1
I0
∇−2⊥
∂I (~r⊥, 0)
∂z
. (3.12)
Imaging experiments performed with QPm™ technology confirm its good
applicability for different kind of illumination sources, for example IR, visible
light, and x-rays.
Evaluation of the phase data
Three object images are captured by classical optical microscopy with a CCD
using Köhler illumination at different focal positions, e.g. focal, extra focal,
and intra focal position. After calculation of the optical phase distribution,
different phase microscopy methods, like dark field, differential interference,
Hoffmann modulation and Zernike phase contrast can be derived (Figure
3.13). With known geometry of the investigated sample, absolute values of
the refractive index can also be calculated.
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Figure 3.13.: Phase measurements by QPm™ of a laser-induced microstruc-
ture on copper surface: (a) original infocus image, (b) inverse
optical phase, (c) DIC, (d) darkfield phase contrast, (e) bright-
field phase contrast, (f) HMC.
TQPm can be used for the determination of the ejecta volumes, detected
time-resolved in a pump-probe experiment, by adopting a 3D-reconstruction
technique (Figure 3.14). The use of TQPm highly improves the utilizable
image information within the layer disclosed by the focal displacements ∆z.
The quantitative optical phase change data is used for the evaluation of
the material density variation, e.g. of the displaced air caused by expanding
vapor, plasma and melt during the laser-matter interaction. Computational
analysis of the two-dimensional optical phase images has been adopted to
determine the amount of material ejected from the substrate. By applying
norm and threshold filters to the calculated phase, material droplets from the
detection volume are detected (Fig. 3.14). By assuming a rotational symmetry
of the droplets and integrating elementary volumes of ejecta along the surface
normal, the overall ablated material volume, e.g. evaporated and/or molten
metal, is calculated.
The use of threshold and norm filters allows quantitative volume deter-
mination, but the deduction of material density is not enabled (ρ ≡ const.).
Particularly, if a mixture of material phases e.g. vapor and melt, is existent
within the detection volume at a given delay time after irradiation, the ma-
terial density variation in the detection zone cannot be measured. Instead,
measurements of the ejected material volume regardless of its transient state
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Figure 3.14.: Shadowgraph image (a), TQPm results (b) exhibiting melt ejec-
tion in aluminum (τ = 1.45 µs, Ep = 105 µJ), and a perspective
view of ejected melt deduced from the optical phase (c).
of aggregation are enabled and used for dynamics study. In case when no
filters have been applied, the material density can be only deduced directly,
if a local homogeneous density distribution of the investigated object/process
can be assumed in a given experiment.
3.3.3. Design of the multi-camera system
An adapter for the 3 CCDs was designed fitting on a Leica DM/LM micro-
scope (Figure 3.15). The optical radiation is subdivided into 3 equal intense
parts (beam splitter BS1: R/T 30:70±5%, beam splitter BS2: R/T 50:50±5%,
projective lenses L1, L2 and L3: f=100 mm). The object plane is imaged by
an objective and by a tube lens of the microscope. Different object planes
A, B and C displaced by z are imaged on different image planes A’, B’ and
C’ (Figure 3.16). By positioning the CCD (AVT Dolphin F-145B with 1.4
MPixel, SONY 2/3" progressive CCD 12 bit b/w) on one of the image planes
a definite displacement ∆z is arranged. For the investigations the objectives
Olympus ULWD MSPlan 50x/0.55, Leica N Plan L 20x/0.4, Leica HC PL
Fluotar 50x/0.8, and Leica HC PL Fluotar 63x/0.7 have been used.
3.3.4. Calibration and evaluation of TQPm
The optical phase resolution has been examined by measuring the quantita-
tive optical phase without any object (air) with Leica 20x/0.4 and 63x/0.7
microscope objectives. Ideally the resulting phase distortion should by equal
to zero, but some phase information gets lost when the displacement ∆z is
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Figure 3.15.: TQPm setup on a Leica microscope with details of the multi-
camera system.
Figure 3.16.: Scheme of the projection of object planes A, B, and C onto
different image planes A’, B’ and C’.
considerably smaller than the depth of focus dR = λn/2 ·NA2 (Figure 3.17).
For the 63x objective the depth of focus corresponds to d63xR = 2 µm and
for the 20x objective to d20xR = 4 µm. Increasing the displacement well above
the depth of focus reduces the information content of the phase images like
a smoothing filter, resulting in a wrongly smaller phase distortion.
The phase shift, which is a function of the optical path difference, has
been measured for a commercial fiber at the wavelength λ = 550 nm (3M
F-SN-3224 immersed in glycerin) (Figure 3.18). A reduction in the phase
information results when the displacement ∆z gets considerably larger or
smaller than the depth of focus, and consequently the intensity changes can-
not be perceived adequately. The theoretical phase shift is calculated by the
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Figure 3.17.: Phase distortion without an object as function of the displace-
ment (detected at wavelength λ = 550 nm).
optical path length n · s/λ, using the refractive index n of the fiber core,
cladding 1, cladding 2 and glycerin and the transmitted geometrical path
s (Table 3.2). The calculated phase shift fits well to the measurement for
∆z = 2 µm. The phase shift at the fiber core and at the interface cladding
1 – cladding 2 is maximal for displacement ∆z = 2 µm, being close to the
calculated values.
core cladding 1 cladding 2 glycerin
refractive index 1.4580 1.4530 1.4570 1.449
diameter 4 µm 50 µm 150 µm –
Table 3.2.: Dimensions and refractive index of the fiber and the glycerin.
Object detection at different planes with three CCDs results in object
images with different magnification and illumination intensity. Furthermore,
since wide bandwidth optics, e.g. beamsplitters and projectives are used in the
optical setup of TQPm, the calculated phase distribution is mostly disturbed
by induced aberrations. Differences in the magnification and illumination in-
tensity can be compensated by adapting them to those captured using one
CCD and displacing the object with standard QPm™. In order to compen-
sate other aberrations, the calculated phase can be expressed in terms of
Zernike polynomials. The Zernike polynomials are a set of functions that are
orthogonal over the unit circle. They are useful for describing the shape of an
aberrated wavefront of an optical system. Several different normalization and
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Figure 3.18.: Profile of the embedded fiber (left) and measured phase shift of a
fiber as function of the distance and the displacement (detected
at wavelength λ = 550 nm, using a Leica 50x/0.8 objective).
Figure 3.19.: Compensation of aberrations of the calculated phase distribu-
tion by Zernike polynomials.
numbering schemes for these polynomials are in common use [102]. By com-
pensating the astigmatism and the tilt (terms Zn2 , and Zm1 with n, m ∈ Z)
the phase distribution can be corrected (Figure 3.19). Since every aberration
can be represented as a sum of Zernike polynomials, any aberrated wave-
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front can be compensated by subtracting it from the corresponding phase
distribution (Appendix D.2).
A MATLAB©-based software for image acquisition, pre-processing of im-
ages captured for QPm™ (e.g. compensation of illumination intensity and
magnification differences), as well as for post-processing of phase images, has
been developed (Appendix D.1).
3.3.5. Pump-probe arrangement for shadowgraphy and
TQPm
For time-resolved investigations of the ultrafast melting and ablation of met-
als by shadowgraphy and TQPm, a pump-probe arrangement has been uti-
lized with the pump being orthogonal to the probe (Figures 3.20 and 3.21).
Investigations of melting in glasses have been performed in a pump-probe
arrangement using two free-running ultrafast lasers and the pump parallel to
the probe (Figure 3.22).
Figure 3.20.: Schematic experimental arrangement for time-resolved shad-
owgraphy/TQPm in metals (M – mirrors, BS – beamsplitter).
The ultrafast pump-probe experiments on metals were performed with a
femtosecond CPA-laser system Thales Concerto (Sec. 3.2) operated in single
pulse mode at the wavelength λ = 800 nm, the pulse duration tp = 80 fs
(FWHM) with a nearly Gaussian beam profile (Figure 3.20). The laser ra-
diation is focused by a microscope objective (L1) Nachet PL 20x/NA=0.3
(alternatively by Olympus MSPlan 20x/NA=0.4, or Olympus MSPlan 50x/-
NA=0.55) to an estimated spot size of about 8.0 µm (4.1 µm and 2.2 µm,
respectively). After a beam splitter, the laser radiation is passed through the
multi-pass optical delay stage (Section 3.2.4), producing a probe beam (L2,
L3) that is perpendicular to the optical axis of the pump laser radiation.
By adjusting the multi-pass delay stage on an optical rail and by use of an
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Figure 3.21.: Schematic arrangement of the imaged detection planes with
TQPm.
additional linear delay stage for the pump laser radiation, the length of the
optical paths of the pump and probe beams can be continuously varied. The
temporal delay between the pump pulse and the sample illumination (probe
pulse) is adjustable up to τ = 1.81 µs. Metal samples (10 mm×10 mm×1 mm)
featuring high chemical purity (c > 99.9%) and optical-quality surfaces can
be flexibly moved by three high-precision stages (PI M111.1DG). Images are
taken using a microscope objective L2 Olympus MSPlan50/NA=0.55 (alter-
natively, by Olympus MSPlan 10x/NA=0.2) with an overall spatial resolution
of 1.5 µm. Using this arrangement, a rectangular area of about 150 µm ×110
µm in the interaction zone adjacent to the sample surface is investigated.
By setting the defocused image planes at ±∆z = 5 µm, an entire volume of
about ∆V = 150×110×10 µm3 is used for TQPm diagnostic (Figure 3.21).
The time-resolved quantitative optical phase changes inside glass have
been detected by combining the TQPm diagnostic arrangement with two
laser sources (Figure 3.22). The first one (IMRA µJewel D-400, λ = 1045 nm,
tp = 450 fs) is used as a pump source for melting and welding of the glass and
silicon plates. For time resolved illumination of the welding area, a second
laser source (THALES Concerto, λ = 800 nm, tp = 80 fs) is used at the
repetition rate frep = 0.5 Hz (probe source).
The laser systems are not temporally synchronized, resulting in random
delays between the pump and probe pulses. The temporal correlation of the
illuminating probe pulse with the preceding pump pulse is detected by a
photodiode for each probe pulse. Thus, the obtained data have to be resorted.
The pulse energy of the welding laser radiation is attenuated by rotating a
half-wave plate in front of a polarizer. Because of the optical emission of
the plasma observed during welding (λ = 300–900 nm, peak at 500 nm,
Figure 3.23), the wavelength of the illuminating source has been chosen at
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Figure 3.22.: Schematic experimental arrangement for TQPm in borosilicate
glass (M – mirror, BS – beamsplitter).
Figure 3.23.: Optical plasma emission spectrum during welding and melting
of borosilicate glass with ultrafast laser radiation (λ=1045 nm,
tp=450 fs).
the fundamental wavelength (λ = 800 nm). The plasma emission has been
suppressed by highly transmissive IR-edge filters (T ≈ 1 at λ > 760 nm). The
laser radiation is guided by mirrors from the laser source through a telescope
to a computer-controlled positioning stage with the overall spatial resolution
of 250 nm (KUGLER Microstep). Afterward the laser radiation is focused by
a microscope objective to a spot diameter of 3.9 µm (LEICA 20×/0.4) and
located within the gap area.
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3.3.6. Design of the vacuum chamber
Figure 3.24.: Vacuum chamber for investigations of the ambient pressure role
in ablation.
For the study of the ambient pressure role in ultrafast laser ablation a
small vacuum chamber providing residual ambient pressure 4.0 ·10−3 mbar 6
P 6 Patm has been designed and adopted (Figure 3.24). Since only the inves-
tigated material is trapped in the chamber, i.e. the pump and the probe mi-
croscope objectives are placed outside the chamber, severe requirements con-
cerning its geometrical design are provided. Vacuum windows with a thickness
of d = 1.0 mm and d = 2.0 mm have been used for the pump and the probe
radiation, respectively. Consequently, microscope objectives with cover glass
correction have been adopted (Leica 40x/NA=0.65 and Leica 20x/NA=0.4)
in experiments in order to maintain tight focusing conditions comparable to
used in shadowgraphy and TQPm experiments at ambient air pressure (Sec.
3.3.5).
3.4. Ex situ measurement techniques
White light interferometry (WLI)
Ex situ measurement of the induced structural modifications in metals and
borosilicate glass have been performed by white-light interferometer (Zygo
NewView 200, vertical resolution ∆z = 0.1 nm, spatial resolution ∆x =
0.7 − 1.2 µm ). Using obtained profilometry data, the induced craters vol-
umes can be calculated assuming a Gauss-like geometry of the crater for
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irradiation with a single pulse and using the standard software tools of the
interferometer. Generally, in case of irradiation with multiple pulses at large
intensities, or when a crater is partly covered by debris, the crater geometry
is more complex, and the crater volumes cannot be deduced using the inter-
ferometer software. Therefore the overall ablated volume can be estimated
using an approximation by a frustum volume for positions 0 < z < 12h and
by a cone volume for positions 12h < z < h :
V = Vfrustum + Vcone =
pih
24
(
D2 + 2d2 +D · d) , (3.13)
with D – the diameter of the crater at the sample surface, d – the diameter
at the half-depth of the crater, and h - the crater depth (Figure 3.25).
Figure 3.25.: Scheme for calculation of the crater volume by approximation
by a frustum and a cone.
Scanning electron microscopy (SEM)
Scanning electron microscopy has been adopted for characterization of the
surface topology after irradiation of metals and glasses with ultrafast laser
radiation (LEO EP1455, spatial resolution ∆x = 4.5 nm at 30 kV accelerating
voltage, magnification < 5− 1, 000, 000×).
Nomarski microscopy
Differential interference contrast microscopy (DIC), also known as Nomarski
Interference Contrast (NIC) or Nomarski microscopy, is an optical microscopy
technique used to enhance the contrast in unstained, transparent samples.
DIC works on the principle of interferometry to gain information about the
optical density of the sample, in order to detect otherwise low-contrast fea-
tures. A complex illumination scheme consisting of two polarizers and two
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wallaston prisms produces an image with the object exhibiting color gradi-
ents.
DIC works by separating a polarized optical radiation into two orthogo-
nally polarized beams which take slightly different paths through the sample.
Where the length of each optical path (i.e. the product of refractive index and
geometric path length) differs, the beams interfere after recombination. This
gives the appearance of a three-dimensional physical relief corresponding to
the qualitative variation of optical density of the sample, emphasizing lines
and edges though not providing a topographically correct image.
A Nomarski microscope based on a Leica DM/LM has been adopted to ex
situ analyze the induced refractive index changes in borosilicate glass after
irradiation by the ultrafast laser radiation.

4. Ultrafast phase transitions in
metals
Investigations of the ultrafast laser ablation of bulk metals are presented
for aluminum, copper, iron, tungsten, and gold. Ablation thresholds have
been determined indirectly by considering the Arrhenius-type evaporation
process (Sec. 4.1) at incident fluences F 6 11 J·cm−2. Ablation dynamics
has been detected by time-resolved shadowgraphy in two detection ranges:
τ 6 18 ns, and 18ns 6 τ 6 1.8 µs after irradiation (Sec. 4.2). Volumes of
ablated material irradiated by n = 1, 2, 4 and 8 pulses have been detected
by TQPm (Sec. 4.3). A possible effect of the background radiation pedestals
on ultrafast laser ablation has been characterized (Sec. 4.4). The influence of
the ambient pressure on ultrafast laser ablation has been studied on Al and
Cu samples (Sec. 4.5). Investigations of the material ejection on irradiated
confined samples with quasi-2D geometry are presented for Al and Cu samples
(Sec. 4.6). A qualitative ablation model for large irradiation intensities is
presented as well (Sec. 4.7).
4.1. Determination of ablation thresholds
In order to define the optical penetration depth and ablation threshold flu-
ences per pulse, the samples of aluminum, copper, iron, tungsten and gold
have been irradiated under identical focusing and ambient conditions (spot
size dfocus ≈ 4 µm, ambient air pressure) with single femtosecond pulses vary-
ing the fluence of the laser radiation. After irradiation, the induced structural
modifications, e.g. craters, have been examined using WLI and SEM, mea-
suring its geometrical profile and morphological changes, respectively. The
ablated crater volumes per pulse have been afterwards calculated. Assuming
a rotational symmetry of the produced craters and performing simple calcu-
lations (Sec. 3.4), the corresponding ablation rates, i.e. ablation depth per
pulse, have been determined (Figure 4.1).
At fluences F 6 10 J·cm−2, several single pulses N = 1..70 have been
applied. In this case the ablation rate data has been deduced by average
calculations. Hereafter the measured mean depth value is divided by the
number of pulses used, which gives the average ablation depth per pulse with
a corresponding statistical error.
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Figure 4.1.: Ablation rate per pulse in dependence on the incident laser flu-
ence for Al, Cu, Fe, W, and Au, irradiated with ultrafast laser
radiation (tp = 80 fs, λ = 800 nm, dfocus ≈ 4 µm).
With increasing incident laser fluence, significant differences in the ab-
lation rates for the different metals under investigation can be identified.
At largest fluence applied, F = 298 J·cm−2, the maximum ablation rate
RAu = 7.3 µm/pulse has been measured for gold samples, while the minimal
ablation rate RW = 3.5 µm/pulse is observed for tungsten samples at this
fluence.
A direct measurement of the ablation thresholds, i.e. by measuring the
laser fluence FR≈0 which marks the onset of ablation process, is very chal-
lenging. Since for metals irradiated at fluences close to the ablation threshold,
the volumes of produced craters often do not exceed several 100 nm3, a pre-
cise ex-situ characterization is required for an adequate ablation threshold
estimation. In this work, the ablation thresholds have been determined indi-
rectly using the two-temperature model (Sec. 2.2) and an evaporation model
for material ablation [49].
In existing ablation models (Sec. 2.2, 2.3), ablation is assumed to start
after thermalization of the electron and the lattice system. When the equi-
librium is set for both systems, the evaporation process can be described in
detail [103]. It has been proven that an Arrhenius-type evaporation equation
[49] can be applied to describe ultrafast laser ablation at small fluences up to
several J·cm−2. Using the two-temperature model, different regimes of abla-
tion can be identified, in which either the optical penetration or electron heat
diffusion becomes dominant. As already mentioned in chapter 2, two distinct
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regimes of ablation can be often observed for the different metals: for small
fluences up to F . 1 − 1.5 J·cm−2 and for large fluences F & 1.5 J·cm−2
[4, 5, 89].
In this work, two distinct ablation regimes have been observed in the
fluence range F = 0.3− 11 J·cm−2 as well (Figure 4.2). In the first ablation
regime, the ablation rate increases slowly with the laser fluence and only small
variations can be detected in the ablation depths for the different metals. On
the contrary, in the second ablation regime, the increase in the incident laser
fluence results in a steep rise in the ablation depth and in different ablation
rates for the different metals.
The ablation process has been considered to occur after the relaxation
process for ultrafast laser excitation of electrons in metals. According to the
Arrhenius-type evaporation equation [49], the ablation rate is described, de-
pending on the cause of ablation as follows [104, 5]:
Lδ ≈ δ ln
(
F
F δthr
)
, for small laser fluences, (4.1)
Ll ≈ l ln
(
F
F lthr
)
, for large laser fluences, (4.2)
where δ = α−1 is the optical penetration depth, l the electron heat diffusion
length, F the incident laser fluence and F δthr and F lthr are the threshold flu-
ences for the ablation mechanisms driven either by the optical penetration,
or the electron heat diffusion, respectively. In the case of small-fluence abla-
tion, it has been considered that the density of hot electrons is so small that
the energy transfer occurs only within the area characterized by the optical
penetration depth δ (Sec. 2.2). However, in the case of larger fluences, the
electron heat diffusion length l becomes significant and the ablation rate is
increased.
For all metals, by fitting the data presented in Figure 4.2 and using equa-
tions 4.1 and 4.2, the fluence thresholds and optical penetration depths can
be deduced. The slopes of the straight lines provide the values of the penetra-
tion depths and the interception points represent fluence thresholds1 (Table
4.12).
Discussion of different ablation regimes
The existence of the second ablation regime is explained by the contribution
of the electron heat diffusion to the dissipation of the absorbed energy [5, 54].
1This threshold is extrapolated from the ablation data, and is usually different from a
direct measurement of the threshold with dedicated experiments.
2Reference data for α−1Lit was taken from [38], [105].
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Figure 4.2.: Ablation rate per pulse in dependence on the incident laser flu-
ence for Al, Cu, Fe, W, and Au irradiated with ultrafast laser
radiation (tp = 80 fs, λ = 800 nm, dfocus ≈ 4 µm) at small
fluences F 6 11 J·cm−2.
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Au Al Fe Cu W
F δthr, [J·cm−2] 0.172 0.102 0.150 0.331 0.400
α−1, [nm] 17.6 7 18 21 12
α−1Lit, [nm] 11.8 7.5 18.3 13.5 7.0
F lthr, [J·cm−2] 1.88 0.80 1.85 1.56 1.85
l, [nm] 269 76 129 209 196
Table 4.1.: Fluence thresholds and optical penetration depth for different me-
tals.
For aluminum irradiated at small fluences (F < 1 J·cm−2) equation 4.1 is
in a good agreement with the experimental results for α−1 = 7 nm and
Fthr = 0.102 J·cm−2 (Table 4.1). Here, α−1 has almost the same value as the
optical penetration depth defined by the absorption coefficient taken from the
reference (1/αLit = 7.5 nm). The further increase in fluence results in a sharp
increase in the ablation rate per pulse. If equation 4.1 was also valid for the
large fluence regime, a significant change in the parameter α−1 is required.
In the fluence range F = 2..11 J·cm−2, α−1 should be assigned a value of
76 nm, which would represent the steep increase by more than a factor of
10, compared to the value for the small fluence regime. This correction to
the parameter α−1 is mainly related to the contribution of the electron heat
diffusion to the process of energy redistribution and thus is regarded as the
average depth of electron diffusion.
However, extensive molecular-dynamics simulations of the ablation rate
and of the maximal pressure developed in the absorbing material, performed
without considering thermal diffusion of electrons [106], exhibit a behavior
similar to the measured ablation rate with two distinct ablation regimes.
According to these simulations, the steep rise in the ablation rate at F &
2 J·cm−2 can be attributed to the introduction of different mechanisms of
material removal. At fluences close to the ablation threshold fluence, the
degree of overheating is not sufficient to cause fast transition of the heated
material into a gas phase. Instead, the main part of the material is ejected
in the form of extended clusters. The fast heating of the material produces
strong compression and tension waves that propagate into the material. At
a certain depth, the tension stress exceeds the strength of the material and
causes fractures in the sample. As a result, a large portion of material can be
ejected3.
With the increase in laser fluence, significant overheating of the absorb-
ing volume takes place. The main part of the material is quickly transformed
into overheated liquid, which decomposes into gas and liquid droplets (phase
3This effect is often referred to as the “spallation”.
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explosion) several picoseconds later. At fluences on the order of several hun-
dreds of J·cm−2, the temperature in the material starts to exceed the critical
temperature. Above this temperature, the main part of the absorbing mate-
rial is rapidly transferred to the gas phase. This process is accompanied by
a steep rise in the pressure developed in the material and results in a larger
ablation rate. In general, these processes take place also in the case when elec-
tron thermal diffusion is taken into account, which is related to an increase
in the effective depth of energy penetration. On the one hand, this leads to
overheating of a larger volume of material. On the other hand, however, it is
also connected with an increase in the heat losses in the material and leads
to a decrease in the degree of overheating. As a result, the second ablation
threshold fluence shifts to a larger value and the ablation rate increases, too.
The increase in the heat losses is also related to the formation of a signifi-
cant amount of molten material which can be expelled by the strong recoil
pressure developed at large fluences.
Structural changes
Differences in the produced crater morphology at fluences F = 10 − 298
J·cm−2 are emphasized by different features of the ablated region, e.g. nano-
patterning, ring-like tracks and large-area elevations of resolidified melt (Fig-
ure 4.3). At the fluence F = 10 J·cm−2 the bottom of the produced crater
exhibits a surface with large roughness, while almost no resolidified melt can
be observed around the crater. With increasing fluence, a trace of resolidified
melt around the crater is evident.
The size of debris produced by ablation around the crater is on the order
of µm at fluences F 6 40 J·cm−2. A large amount of resolidified melt with
dimensions of some 10 µm3 can be observed at fluence F = 298 J·cm−2 on
gold samples. In this case, the ejected molten material resolidifies, forming
an elevated recast layer around the hole (Figure 4.4, left and middle). Nano-
patterning, e.g. ripples and nano-bubbles with diameters in the range d ≈
50− 200 nm, can be observed after irradiation on tungsten samples close to
the produced craters (Figure 4.4, right).
4.2. Time-resolved shadowgraphy
4.2.1. Ablation dynamics at delays τ 6 18 ns
The transient material phase transitions have been detected using shadowg-
raphy in two different detection time ranges. In the first detection time range
up to τ = 18 ns the generation of shockwaves, accompanied by ejection of
plasma and vapor are observed using a linear delay stage (Sec. 3.3).
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Figure 4.3.: Surface features produced by one pulse (tp = 80 fs) in Au, Fe
and W at F = 10 J·cm−2, F = 40 J·cm−2, F = 159 J·cm−2 and
F = 298 J·cm−2, detected by SEM.
Figure 4.4.: Surface features produced at F = 298 J·cm−2: top-view of an
ablation crater on gold with eight pulses (left), side-view of an
ablation crater with one pulse (middle), and nano-patterning of
tungsten sample produced near crater with one pulse (right),
detected by SEM.
Shockwave dynamics
The expansion of shockwaves and plasma (Figure 4.5) has been investigated
by tracing the shockwave fronts and plasma/vapor plume profiles applying
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image processing and edge detection tools of MATLAB©. Aluminum and
copper samples have been irradiated at fluences F=(1.1–100)×Fthr at the
wavelength λ = 800 nm. Several expansion fronts can be detected. The first
emergence of shockwave occurs at τ ≈ 1 ns at all fluences adopted. In the
early stages of laser ablation at τ < 1 ns only shadows of the ejected material
can be observed, and no shockwaves are present4. At later detection times
(τ > 3.1 ns) a plasma/vapor front can be observed within the area surrounded
by a shockwave front (detectable at τ & 1 ns). While the observed shockwave
propagation is steady, several releases of plasma/vapor can be detected up
to τ = 18 ns revealing a wave-like ejection behavior.
Figure 4.5.: Expansion of shock waves detected with time-resolved shadowg-
raphy up to τ = 18 ns after irradiation of aluminum (tp = 80 fs,
λ = 800 nm, F = 10 J·cm−2). The shockwave fronts are traced
with solid lines, and the vapor plumes with dotted lines.
The expansion of shockwaves and plasma/vapor front is symmetric to the
surface normal, but not completely spherical. Vertical expansion is in this
case faster than the horizontal one (8.6 ns 6 τ 6 11.5 ns). At τ > 11.5 ns
the shockwave front is getting spherical again, e.g. vertical and horizontal
expansion velocities are nearly equal.
4Compare to the observations of dense matter ejection presented further in this section.
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Fluence F and pulse energy Ep Shockwave energy Esw(fraction of Ep)
F1 =0.51 J·cm−2, Ep,1 = 24.0 µJ Esw,1 = 2.1 µJ (8.8%)
F1 =0.77 J·cm−2, Ep,2 = 36.2 µJ Esw,2 = 6.9 µJ (19%)
Table 4.2.: Shockwave energy compared with the pulse energy for irradiation
of copper (tp = 80 fs, λ = 800 nm, dfocus ≈ 4 µm).
The vertical expansion can be described well by a combined propagation
model of shockwave and vapor plume in gas for nanosecond pulsed laser
radiation [38]. This model assumes a linear expansion of the shockwave with
the radius R = R(t) in the first nanoseconds after irradiation similar to the
case of vacuum (Eq. 4.3):
0 < t <
(
M5ν
ρ2gE
3
sw
)1/6
, R(t) ≈
(
Esw
ζgMν
)1/2
· t. (4.3)
When the mass of the vapor plume Mν is comparable to the “mass” of the
shockwave ρgRsw, the expansion in gases can be described by:(
M5ν
ρ2gE
3
sw
)1/6
< t <
(
E2swρ
3
g
p5g
)1/6
, R(t) ≈ ξsw
(
Esw
ρg
· t2
)n
. (4.4)
Here Esw is the total energy of the shockwave, ρg the density of the am-
bient gas, ζg, ξsw and n are coefficients depending on the ambient gas and
the expansion symmetry [38]. In the case of an isentropic5 plume, spherical
expansion and air atmosphere, these coefficients can be approximated by
ζg,air ≈ 3/20, ξsw,air ≈ 1, and n = 1/5. (4.5)
A fair estimation of the shockwave energy and the plume mass is enabled
by curve fitting of R(t) to the experimental data for the different regimes
according to Eqs. 4.3-4.5 (Figure 4.6, Table 4.2).
Ejection of plasma and vapor
Material ejection in form of plasma and/or vapor plumes can be observed
in all shadowgraphs in the interior of the ejected plume of the shockwave
(Figure 4.5, dotted lines denote plasma/vapor fronts). As mentioned above
(Sec. 2.3.1) the induced pressure at the material surface leads to the adiabatic
expansion whose inward part will produce a thermoelastic wave, which could
be the origin of the material ejection forming the shock wave front. Because
5In isentropic processes the entropy remains constant.
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Figure 4.6.: Radius of the shockwave R(t) in dependence on time (double
logarithmic chart) for copper irradiated at fluences F1 = 0.51
J·cm−2 and F2 = 0.77 J·cm−2 (tp = 80 fs, λ = 800 nm, dfocus ≈
4 µm).
this ejection appears only at τ > 3.1 ns, there is a time interval between this
ejection and the initial ejection which formed the shock wave (τ > 1 ns). If
the observed plasma/vapor front was generated by the outward expansion of
the laser heated area, such a time interval would be zero.
The propagation of the stress generated by the thermoelastic wave has
been calculated for aluminum (Appendix E) using the analytic solution for
the thermoelastic waves in metals without considering any material removal
and the corresponding structural change [107] (Figure 4.7). The negative
stress represents the compressed stress. When the thermoelastic wave prop-
agates inside the target, the heated material will first undergo a compressed
stress and thus move towards the interior of the target. The femtosecond
laser pulse with the pulse duration tp = 80 fs at the fluence F = 100 J·cm−2
(≈ 1000 · Fthr for aluminum) will induce a peak negative stress in an order
of magnitude of 1000 GPa, according to the calculation (Figure 4.7).
Such a stress value is much larger than the maximum endurable stress of
aluminum, which is typically less than 0.6 GPa [108]. When the compressed
stress exceeds the maximum endurable stress, the lattice of aluminum will
be destroyed, but the compressed material will continue to move towards the
target interior due to the compression force imposed on it [109]. The distance
between the adjacent atoms thus decreases further, leading to the fast increase
of the repelling force between the adjacent atoms which eventually becomes
large enough and overcomes the compression force and ejects the material
away from the target, causing a further material ejection. The dynamics of
the ablation driven by thermoelastic waves, i.e. the specific time between the
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Figure 4.7.: Calculated time-dependent stress distribution in the interior of
the aluminum target as a result of thermoelastic effect. Negative
stress values correspond to the compressed stress (tp = 80 fs,
λ = 800 nm, F = 100 J·cm−2).
induction of the wave and following material ejection, cannot be derived from
these calculations.
The performed calculations reveal also a periodicity of plasma/vapor ejec-
tions. For example, at τ = 14.0 ns, the size of the plasma/vapor ejection is
smaller than at τ = 9.9 ns (Figure 4.5, area surrounded by dotted lines).
The outward release of the recoil force leads to a material ejection forming
a shockwave and the plume front; its inward release will compress the in-
ner part of the target, and after a specific developing time, another release
of the recoil force will induce another ejection, resulting in oscillations of
plasma/vapor ejections. Further bursts of material ejection may appear at
even larger time delays.
Variations of the irradiation fluence in the range F=(1.1–100)×Fthr ex-
hibit changes mainly in the spatial scale of the observed ablation phenomena.
Also, no significant differences in ablation dynamics have been observed for
different metals.
Ejection of dense matter
The ablation dynamics of bulk aluminum and copper has been detected
up to τ = 18 ns after irradiation with ultrafast laser radiation at fluences
F = (1.1− 100) × Fthr and wavelength λ = 800 nm (Figure 4.8). Detection
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Figure 4.8.: Plasma and melt dynamics on aluminum target up to τ = 18 ns
after irradiation with a single femtosecond pulse (tp = 80 fs,
λ = 800 nm, F = 10 J·cm−2), detected by time-resolved shad-
owgraphy.
has been performed using probe laser radiation at λ = 800 nm as well. Fur-
thermore an interference filter has been used and large CCD gain values have
been set up in order to suppress the bright optical plasma emission produced
after irradiation of samples. Thus only large-density material ejections, such
as melt and dense vapor, are detected by the experimental setup.
A shadow of the ejected material can be detected at the delay τ = 100 ps
(Figure 4.8). At the delays τ = 500 ps and τ = 800 ps, there are bright
regions in the shadow of the ejected material. These bright regions are not
evident at the delays τ > 1 ns anymore.
The dynamic process observed in the shadowgraphs at τ 6 1 ns in Fig-
ure 4.8 may be explained with phase explosion [36] (Sec. 2.3.6). According
to numerical estimations based on the two-temperature model [4], aluminum
irradiated with an intense ultra-short laser pulse (tp < 100 fs) and compa-
rable pulse duration, fluence and focusing parameters as those used in this
experiment, the target surface will be overheated up to ∼ 105 K. This tem-
perature is more than an order of magnitude larger than the thermodynamic
critical temperature of aluminum (Tc = 5720 K), and inevitably leads to an
extremely large pressure in the ablated region [36], and such a great pressure
will be released through the adiabatic expansion. Shadowgraphs at delays
smaller than τ = 3.1 ns (Figure 4.8) only exhibit the outward expansion of
the laser heated area. The corresponding inward expansion, which generally
4.2 Time-resolved shadowgraphy 83
cannot be detected by shadowgraphy, compresses the interior of the target
and transforms thermal energy into mechanical energy, which induces a ther-
moelastic wave and causes material ejections at larger delays. The thermal
phase explosion and non-thermal thermoelastic wave mechanisms are com-
bined at this point. In fact, the existence of a thermoelastic wave directly
underneath the surface layer at which phase explosion takes place has been
predicted by molecular dynamics simulations [110, 111]. As the material ex-
pands, it cools close to the critical temperature, where anomalies can occur
[36, 69, 112]. Around the critical temperature, the material will undergo a
transition from a superheated metal liquid to a dielectric liquid which is
nearly transparent.
Thus, in this experiment, the formation of the material extrusion with
bright inner regions at delays τ = 500 ps and τ = 800 ps (Figure 4.8)
presumably represents the cooling process of the ejected material, and the
outer edge of the material ejections is the result of diffraction of the ejected
plume. Test measurements using λ = 400 nm probe radiation exhibit that
the outer edge of the material extrusion is getting darker than that of using
λ = 800 nm, which confirms the diffraction origin of the observed features.
When the plume further cools to reach the metastable state, homogeneous
nucleation occurs, and phase explosion takes place [36]. In this case, the den-
sity and refractive index of the plume decrease due to the transition from a
liquid to a mixture of vapor and liquid, which leads to the blurring of the
interface between the ambient air and the ejected material, and consequently
the dark edge with the bright inner regions disappear (Figure 4.8, at delays
τ > 1 ns). The same behavior has been observed also on copper samples.
Experiments performed at larger fluences F > 100×Fthr, however, did not
confirm the assumption of thermoelastic waves being the prevailing ablation
mechanism at τ ≈ 1 ns. Particularly, no plumes with bright inner regions have
been detected at delays τ < 1 ns. Another explanation of the dense-matter
ablation dynamics which is also suitable for irradiation at large intensities
will be given in Sec. 4.7.
4.2.2. Ablation dynamics at delays τ 6 1.8 µs
The ablation dynamics of metals irradiated at fluences F = (10..1000)×Fthr
has been investigated using the extra-long delay line (Sec. 3.2.4) up to the
maximum delay of 1.65 µs. The dynamics of the melt formation and material
ablation for single pulse irradiation at larger pump-probe delays (Fig. 4.9)
exhibit a variety of phenomena like plasma formation, ejection of material
droplets and liquid jets. At the delay τ = 49 ns (Figure 4.9) an expanding
shockwave and also a plasma/vapor plume can be observed, followed by a
sequence of structural ablation phenomena.
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Characteristic time regions
The experimental data exhibits the phenomenological development of the
ablation dynamics which can be conditionally categorized into at least four
characteristic time regions.
1. 0 . τ . 200ns. The first characteristic time region features photo-
induced plasma/vapor emission, formation and expansion of highly
pressurized, heated material, combined with the formation and dissipa-
tion of shockwaves (Figures 4.5, 4.8 and 4.9).
2. 200ns . τ . 700ns. In the second characteristic time region the ab-
lated material is ejected explosively. Apparently the observed ejections
represent a mixture of vapor and small (diameter d ≈ 1 − 3 µm) solid
and/or liquid droplets. These ejections are likely related to the afore-
mentioned nucleation effects, e.g. heterogeneous and homogeneous nu-
cleation (Chapter 2).
3. 700ns . τ . 1.5µs. During the third characteristic time region a jet of
molten material expanding vertically upward is observed on aluminum
targets. The estimated height of the ejected structures averages about
30 µm at the delay τ = 860 ns and about 50 µm at the delay τ =
1.04 µs. Thus, the velocity of the ejected melt jets is on the order
of vjet ≈ 100 m/s. The ejection of long, continuous melt jets can be
observed up to the delay τ ≈ 1.5 µs.
4. τ & 1.5µs. The ejection of large, mostly spherical particles is still evi-
dent, but no continuous jets can be observed. Thus, the material ejec-
tions observed at delays τ > 1.5 µs represent primarily resolidified melt.
At τ = 2.0 µs (the largest detection time) almost no ejections are evident
anymore on metals under investigation. The observation of the continuous
melt jets in the third characteristic time region can be quantitatively com-
pared with the studies on nanojets and micro-bumps on thin gold films [16].
The observed dynamics of aluminum (µ = 4.1·1016 Wm−3K−1) is generally
comparable to the reported behavior of metals with weak electron-phonon
coupling, such as gold (µ = 2.3·1016 Wm−3K−1).
4.3. Measurements of ejecta volume
Time-resolved quantitative measurements of the ablated volume in bulk alu-
minum irradiated with femtosecond laser radiation at large fluences (F ≤
298 J·cm−2) have been performed up to the delay τ = 1.65 µs.
86 Ultrafast phase transitions in metals
Evaluating the acquired TQPm data and employing the phase analysis
technique (Sec. 3.3.2), volumes of the ablated material after n = 1, 2, 4 and
8 single pulses have been calculated for seven different delays in the range
from τ = 79 ns to 1.65 µs (Figures 4.10 and 4.11). Because the samples
are irradiated with laser radiation at the repetition rate frep = 0.5 Hz, no
heat accumulation should be taken into account. In case of pulse energies
Ep = 37 µJ and 75 µJ , a maximum of the ejected material volume is observed
at the delay τ = 320 ns after each pulse n (Figure 4.10), which is in a
good agreement with the explosion-like ablation phenomena described in the
second characteristic time region (Sec. 4.2.2). An increase of the ejecta volume
can be observed for the 4th and 8th pulses at Ep = 75 µJ and larger delays
τ > 1 µs, exhibiting the formation of melt droplets and jets. The ablated
volume at larger delays τ > 1.4 µs constitutes about 30% of the maximum
ejecta volume for the 8th pulse at Ep = 37 µJ. In the third characteristic time
region at larger delays τ > 1 µs, however, no significant material ejection rate
change can be observed at Ep = 37 µJ.
Figure 4.10.: Ejected volume by 1st, 2nd, 4th and 8th pulse as function of
delay (Ep = 37 µJ and 75 µJ)
For pulse energies Ep = 105 µJ and 150 µJ a distribution comparable to
other pulse energies has been detected (Figure 4.11). However, the ejection of
the molten material at delays τ > 800 ns is more pronounced with increasing
pulse energy. Compared to smaller pulse energies, the ejecta volume also
increases considerably for n = 1 and 2 pulses at larger delays τ > 1.4 µs.
With respect to different characteristic time regions (Sec. 4.2.2), the in-
crease in the ejecta volume at τ = 320 ns and τ = 1110 ns can be generally
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Figure 4.11.: Ejected volume by 1st, 2nd, 4th and 8th pulse as function of
delay (Ep=105 µJ and 150 µJ)
referred to as “vapor regime” and “melt regime” (dashed areas in Figures
4.10, 4.11) respectively.
Because of the spatially limited detection zone with the volume ∆V which
is available for the detection with TQPm using the 50x objective (L2) (Fig-
ures 3.20 and 3.21), only a fraction of the overall ejecta volume can be mea-
sured at a given delay. This fraction has been estimated to approx. 90% by
performing ablation experiments under comparable conditions and compar-
ing the ablation dynamics with those detected with low-resolution objectives
(10x, 20x).
In order to compare the measured in situ volume data with factual re-
moved material volumes, laser produced craters have been measured by WLI.
The overall in situ measured volume data has been estimated for a given pulse
number n by summing up the dynamically obtained volume data for seven
delays from τ = 79 ns to τ = 1.65 µs. Due to noticeable differences be-
tween the ablation phenomena observed at different delay times, a negligible
temporal overlapping of phenomena, e.g. ejection of vapor and melt, can be
assumed for this estimation (compare to Figure 4.9).
To emphasize the difference between small and large delay regimes, the
WLI data has been afterwards compared with the dynamically obtained vol-
ume data at τ = 320 ns, conditionally representing „vapor regime”, and at
τ = 1110 ns, generalized referred to as „melt regime”, for different pulse
energies (Figure 4.12). In case of both the melt and vapor regimes at pulse
energies Ep = 105 µJ and 150 µJ, a fair agreement with WLI data has been
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detected for each number of pulses. With increasing pulse energy, the vapor
fraction of the overall ejecta volume decreases, thereby accompanied by a
moderate increase of the material ejection in the melt regime.
In the melt regime, the density of the ejected material, e.g. liquid melt,
can be assumed nearly constant (ρ ≈ ρliquid). Thus, the decrease of the ejecta
volume with increasing pulse energy in the vapor regime (Figure 4.12) implies
that the vapor density decreases as well.
Figure 4.12.: Overall ejecta volume at τ = 320 ns (vapor regime) and τ =
1110 ns (melt regime) for n = 1, 2, 4 and 8 pulses compared
with ex situ volume measurements (WLI)
In the vapor regime at pulse energies Ep = 37 µJ and 75 µJ and smaller
delays, the material ejecta represent highly pressurized, heated material with
calculated volumes well above the measured WLI data. Due to the rotational
symmetry assumed for melt droplets and jets, the dynamically obtained data
constitutes up to 1.8 times the ex situ measured volumes. Generally, the pro-
late melt jets observed at larger delays are not mandatory rotational symmet-
ric, e.g. thin films and vapor, emphasizing variable surface consistency of the
ejected material. Furthermore a mixture of both vapor and melt is observed
by TQPm at all delays, which makes the time-resolved ejecta density change,
e.g. vapor or melt, difficult to predicate.
Structural analysis of the ablated material has been performed by means
of SEM (Fig. 4.13). At pulse energy Ep = 37 µJ thin solidified melt films
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Figure 4.13.: Aluminum surface irradiated with n = 1, 2, 4 and 8 pulses at
Ep = 37 µJ (upper row) and 105 µJ (bottom row), detected by
SEM.
on the surface in the proximity of craters are detected for n = 1, 2 and 4
pulses. Ablation adopting laser radiation with increasing number of pulses
exhibits ringlike resolidified melt with sharp edges inside the craters. The
ejection of molten material at delays τ ≈ 700 ns – 1.5 µs is suggested as
the responsible mechanism. This interpretation is supported by the time-
resolved data where the expanding circular feature visible in the microsecond
range can be attributed to the process of melt ejection. In a sequence of eight
single pulses, every incidental pulse is removing the resolidified melt left from
preceding pulses. Thus, at n = 8 pulses and Ep = 105 µJ the crater is nearly
free of resolidified melt.
4.4. Study of the ASE contribution
As already mentioned in Sec. 3.2.2, the intensity contrast ratio of the adopted
ultrafast laser radiation is on the order of ICR ≈ 107. Therefore, at the
main (femtosecond) pulse energy Efsp = 150 µJ noticeable intensities up to
IASEmax = 3 · 108 W·cm−2 can still be induced by the ASE radiation, an ac-
curate estimation of the ASE-induced material heating is essential. Thereby,
the irradiated area is given by the spot diameter d = 8 µm of the laser radia-
tion.Using the one-dimensional one-phase model [113] the heating of material
irradiated only with ASE can be calculated. Utilizing the measured temporal
profile of the ASE radiation (Figure 4.14, inset), the heating dynamics has
been calculated for metals at different intensities, with regard to the different
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energies of the main pulse Efsp (Figure 4.14) . The main femtosecond pulse
occurs at the time t = 0 ns.
Figure 4.14.: Temperature distribution during heating of aluminum irradi-
ated by ASE radiation for different pulse energies of the corre-
sponding main pulse. Inset: Measured temporal profile of ASE
at Efsp = 150 µJ.
According to the calculated data, a considerable temperature rise on the
order of some hundreds of Kelvin is observed at corresponding main pulse en-
ergies Efsp = 37, 105 and 105 µJ. However, at these pulse energies the surface
temperature of the metal does not reach the melting point of aluminum at the
arrival time of the main pulse (t=0 ns). At Efsp = 150 µJ the ASE intensity
is large enough to melt the material before the irradiation by the main pulse.
The calculated molten layer thickness constitutes dmelt ≈ 250 nm at the time
t = 10 ns after irradiation by the main pulse but only about dmelt ≈ 10 nm
at t = 0 ns.
Similar calculations have been performed for all metals under investi-
gation for the main pulse energy Efsp = 150 µJ (Figure 4.15). Here, the
dimensionless temperature distribution is presented, defined as T−TRTm−TR with
T , Tm, and TR – the calculated absolute temperature, the melting point of
the metal, and the room temperature (300 K), respectively. In case of copper
the temperature cannot attain the melting point due to the large thermal
conductivity of copper κT ≈ 0.4 Wcm−1K−1 (Appendix B). For irradiation
at main pulse energy Efsp = 150 µJ, the molten layer thickness for different
metals have also been calculated (Figure 4.16).
Material data used for these calculations are given in Appendix B. Due to
the changed physical properties, being temperature-dependent, and consider-
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Figure 4.15.: Dimensionless temperature distribution during heating of dif-
ferent metals by ASE radiation for Efsp = 150 µJ.
Figure 4.16.: Calculated molten layer thickness during heating of different
metals by ASE radiation for Efsp = 150 µJ.
able pre-heating of the irradiated metal by the ASE radiation, the effectively
absorbed optical energy by the nanosecond and femtosecond laser radiation is
unknown, but a fair estimation of the material heating by the ASE radiation
can be given by these calculations.
The possible effect of the ASE-induced material heating on ablation dy-
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Figure 4.17.: Ejected volume per pulse at τ = 320 ns (representing vapor
regime) and τ = 1110 ns (representing melt regime) for the 1st
and the 8th pulse.
namics, as well as the interaction of plasma produced by the ASE radiation
with the main pulse has been characterized by highlighting the difference in
ejecta volume for the 1st pulse at τ = 320 ns and at τ = 1110 ns, represent-
ing the vapor and the melt regimes respectively, for different pulse energies
(Fig. 4.17). For the 1st pulse the material ejection in melt regime is getting
more pronounced with increasing pulse energy considerably overtaking the
corresponding values of the vapor regime. The increase in ejecta volume at
Ep = 105 µJ and Ep = 150 µJ can be attributed to the material (pre-)heating
by ASE radiation in the melt regime.
For comparison, for the 8th pulse ablation is driven decreasingly by for-
mation of melt with increasing pulse energy (Fig. 4.17). In this case, if a
crater has been already produced in a target by preceding seven pulses, the
effective intensity is expected to be smaller than for the 1st pulse. On the
other hand, the ejecta volumes are larger for the 8th pulse than for the 1st
pulse, both in vapor and melt regimes. Such behavior is well known in the case
of cw- and long pulse irradiation and is attributed to the recoil pressure of
the ablating material [114]. However, this “piston effect” requires significant
lateral pressure gradients as compared to the dominating pressure gradient
normal to the surface. In case of irradiation with ultra-short laser pulses,
this effect can only be observed for very tight focusing conditions [115]. For
ultrafast laser radiation the energy deposition depth (on the order of 100
nm) is much smaller than the lateral dimensions (on the order of 10 µm),
resulting in the pressure profile essentially one dimensional along the surface
normal. Observation of such ablation behavior in our experiments therefore
provides evidence that the energy deposition depth and the lateral pressure
gradients are larger in the case of Ep = 105 µJ and Ep = 150 µJ despite the
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ultra-short pulse duration. Thus the interaction of ASE with the material as
well as material heating induced by ASE should be considered.
4.5. Melt dynamics in vacuum
Ablation experiments on aluminum and copper have been performed using
a vacuum chamber (Sec. 3.3.6) in order to investigate the influence of the
residual ambient pressure on ablation, including the changed temporal de-
velopment of the material ejections. Shadowgraphy of ejected material in
vapor (τ = 320 ns) and melt (τ = 960 ns) regimes have been adopted
varying the residual ambient pressure from atmospheric pressure down to
P = 5.0 · 10−3 mbar (Figure 4.18).
Figure 4.18.: Ablation dynamics of aluminum in vapor (τ = 320 ns) and melt
(τ = 960 ns) regimes in dependence on the residual ambient
pressure.
In the vapor regime the dimensions of the vapor plume decrease with de-
creasing pressure. The observed vapor ejecta at P = 8.2 · 10−3 mbar appear
more homogeneous than that observed at atmospheric pressure. At the pres-
sure P = 5.0 · 10−3 mbar only a sparse, low-contrast vapor plume is evident.
In the melt regime, an approx. l = 40 µm long melt jet can be clearly ob-
served in a shadowgraph at atmospheric pressure. With decreasing residual
ambient pressure the melt jet collapses gradually. The length of the melt jets
constitutes l ≈ 18 µm at P = 2.1 · 10−2 mbar. Prolate melt ejections with
l ≈ 5 − 7 µm can still be observed at P = 8.2 · 10−3 mbar, followed by a
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complete decomposition of the melt jet at P = 5.0 · 10−3 mbar.
Measurements at other delays exhibited that in case of the smallest resid-
ual ambient pressure (P = 5.0 · 10−3 mbar) no prolate ejections can be
observed. Furthermore, ejections of some material occurred up to τ ≈ 1.2 µs
only, in contrast to the ejections at the atmospheric pressure being still evi-
dent up to τ ≈ 2 µs. The maximal feature size detected in the melt regime at
the pressure P = 5.0 · 10−3 mbar, for example, the largest melt jet length or
the largest droplet diameter observed, constitutes about 6 µm for aluminum
and about 2 µm for copper (Figure 4.19).
Figure 4.19.: Maximal feature size of material ejecta detected by shadowg-
raphy at τ = 960 ns in dependence on the residual ambient
pressure.
Ablation craters produced with bursts of N = 20 pulses in aluminum at
atmospheric pressure and at P = 4.8·10−3 mbar have been examined by SEM
(Figure 4.20). In contrary to the atmospheric pressure case, a generation of
micro- and nano-wires with diameters d ≈ 100nm− 1.1µm can be observed
at the pressure P = 4.8 · 10−3 mbar (Figure 4.20, (b)). After cleaning of
the irradiated sample, including wiping the sample surface with a tissue con-
taining ethanol, and a further sample treatment in an ultrasonic bath for 15
minutes, the micro- and nano-wires can be removed (Figure 4.20, (c)). The
cleaned ablation craters reveal an improvement of the produced structure
quality, e.g. by producing sharp edges, compared to the craters produced at
the atmospheric pressure. However, measurements of the ablated volume per-
formed by WLI did not exhibit any significant dependencies on the residual
ambient pressure, thus no differences in ablation rates have been detected.
These results are also in a good agreement with other ablation studies in
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vacuum, whereas no significant ablation rate changes have been measured
for structures, e.g. holes or channels, with dimensions d . 100 µm [116].
Figure 4.20.: Craters produced with N = 20 pulses in aluminum at at-
mospheric pressure (a), at P = 4.8 · 10−3 mbar (b), and at
P = 4.8 · 10−3 mbar after surface cleaning (c), detected by
SEM.
Discussion of ablation dynamics in vacuum
The qualitative differences in the morphological changes produced at the
atmospheric pressure and in vacuum can be explained with the interaction of
plasma, generated by the ultrafast laser radiation in the ambient atmosphere,
and the solid material.
A significant enhancement in thermal energy retained in irradiated metals
has been reported for irradiation with femtosecond laser radiation at intensi-
ties above the plasma formation threshold in a gas environment, compared to
irradiation in vacuum [117, 118, 119]. These studies indicate the importance
of a plasma produced nearby the sample surface for the ablation process.
The effect of enhanced thermal energy coupling to metals following laser ab-
lation has also been observed for laser radiation with nano- and microsecond
pulse durations and commonly is explained by energy transfer from plasma to
the sample via reradiation and heat conduction mechanisms [117, 119]. The-
oretical models have been developed for laser-supported combustion wave
or laser-supported detonation wave ignited in close proximity to the sample
surface [38]. In femtosecond laser ablation, these laser-supported absorption
waves do not exist; however, the effect of enhanced thermal coupling is even
more pronounced than for longer laser pulses.
Ultrafast ablation experiments performed in different ambient gases, as
well as in vacuum [119], indicate that ambient gas optical breakdown occurs
in the front of a metal sample. Indeed, the ambient gas breakdown close
to laser-irradiated surfaces is a well-known phenomenon for micro- , nano-
, and picosecond laser radiation that affects both, heating and ablation of
the sample [38]. Depending on irradiation conditions, seed electrons for in-
ducing ambient gas breakdown can be produced by multi-photon ionization
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in gas, photo-emitted electrons from the irradiated target, and ambient gas
contamination with the ablated nano- and micro-particles, whose presence,
therefore, can also significantly contribute to the material micro-processing
with ultrafast laser radiation [116]. If intense plasma is generated through the
ionization processes in the proximity of the metal surface, even after termi-
nation of the femtosecond pulse, it can result in the production of significant
melt layers, thereby lowering the quality of metal processing.
In the same way, the generation of nanopatterning, and micro- and nano-
wires (Figure 4.20, (b)) can also be benefited in vacuum. For material irradi-
ation with near-(ablation-)threshold intensities in vacuum, i.e. in absence of
an interaction between plasma and material surface, the spatial variations in
deposited laser energy can produce localized melt with dimensions on nano-
scales, also called “nanomelt”. Once nanomelts have been formed, large radial
thermal gradients within the nanomelt can be induced. Therefore large ra-
dial surface tensions can expel the liquid to the periphery of the nanomelt.
This mechanism is also used to explain the formation of nano-cavities and
jets, and micro-bumps [16] and other nanostructures like nanopatternings
and ripples produced during irradiation with several pulses. The nano-wires,
such as observed in this work, are therefore induced by the ejection of liquid
nanomelt.
4.6. Experiments on confined samples
Ablation experiments on aluminum and copper samples featuring spatial step
profile (Figure 4.21, left) have been performed in order to investigate abla-
tion on confined samples, e.g. to simulate the large-scale area ablation tech-
nique often used in the industrial micro-machining. Step profiles with the
step height of h = 50± 5 µm and a rib inclination of ] = 16± 4° have been
produced adopting ultrafast laser ablation at small irradiation intensity and
large repetition rate (frep = 1 MHz, tp = 500 fs, Ep = 1 µJ). Time-resolved
shadowgraphy have been performed at F = 200 J·cm−2 and λ = 800 nm.
In order to investigate the large-scale area ablation dynamics on a step
profile, different values of the spatial pulse overlap, generally characterized
by the distance between two consecutive pulses, have been used. The pulse
overlap can be adjusted by positioning the spot of the focused laser radia-
tion relative to the step rib (Figure 4.21, right). If no spatial pulse overlap
is present, the entire laser spot has normal incidence on the sample surface.
The pulse overlap is characterized by the focus offset d representing the dis-
placement of the laser spot toward the step relative to the position with no
pulse overlap. With D representing the laser spot diameter, ablation dynam-
ics have been studied for d = D (full overlap), d = 0.75D (large overlap), and
d = 0.5D (small overlap).
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Figure 4.21.: Side view of the confined sample and a scheme for ablation
experiment with the focus offset d.
The detected ablation dynamics at d = D (Figure 4.22, for the vapor
regime at τ = 420 ns and the melt regime at τ = 1100 ns) corresponds to
the results of Sec. 4.2-4.3. Particularly a continuous melt jet can be clearly
observed in the melt regime. With decreasing overlap, the vapor and the melt
are ejected at variable angles relative to the surface normal, furthermore the
ejections are perturbed and more diffuse. At d = 0.5D no continuous melt
ejections, i.e. melt jets are observed anymore.
Figure 4.22.: Ablation dynamics of confined aluminum sample for the focus
offset d = D, 0.75D and 0.5D µm. Dashed line represents the
step profile.
The observed mechanism of the perturbation and the diffusion of mate-
rial ejecta can be attributed to the changed focusing conditions of the laser
radiation with varying overlap. Since a portion of the laser spot is positioned
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on the step rib, the laser radiation is reflected and absorbed by the material
differently. On the one hand, a larger sample area is irradiated by the laser
radiation, resulting in decreasing intensity, and therefore less optical energy
can be absorbed effectively. Consequently laser induced thermal gradients are
distributed on a larger area compared to the results of Sec. 4.2-4.3 and there-
fore no sufficient recoil pressure gradients can be induced for ejection of large
material clusters, such as the liquid jets in the melt regime. On the other
hand, in the industrial micro-machining, the step profiles naturally emerging
from large-area ablation exhibit a large roughness which enhances the ab-
sorption significantly [38]. Thus an exact valuation of the focusing conditions
is required.
4.7. Model for ablation at large intensities
Based on experimental results presented in this chapter, a qualitative model
for ultrafast laser ablation of metals at large irradiation intensities using a
CPA-laser can be deduced. An overview of different phenomena involved in
ablation has also been given in Chapter 2. Thus a summary of the important
mechanisms and phenomena for the case of large irradiation intensities mainly
will be given in this section.
Generally, in dependence on the intensity contrast ratio (ICR) of the ap-
plied ultrafast laser radiation, possible heating of materials induced by the
radiation pedestals with durations of several nanoseconds should be consid-
ered (Figure 4.23, a). Numerical calculations based on a one-dimensional
one-phase model and experiments performed using laser radiation with ICR
≈ 107 (Sec. 4.4) indicate that a significant heating of metals at fluences
F & 200 J·cm−2 (I & 1015 W·cm−2) can be induced by the radiation
pedestals given by the ASE radiation of the laser amplification medium. De-
pending on the material parameters and adopted irradiation intensity, the
melt point of the material can be reached even before the arrival of the main
femtosecond pulse at τ < 0 (Figure 4.15).
During the interaction of the ultrafast laser radiation with material, the
optical energy is transferred to the electron system (Figure 4.23, b). At ir-
radiation intensities I > 1013 W·cm−2 emission of electrons and generation
of a hot plasma from the surface occurs on a time scale comparable to the
pulse duration τ ≈ tp, which can further contribute to surface heating.
After thermalization of the electron system and the lattice τ ≈ τeq (Figure
4.23, c) the material can be ablated in different ways. In dependence on the
physical paths in the material phase diagram (Sec. 2.3) the material aggre-
gation state can be transferred from solid to either plasma, vapor, liquid or a
mixture of all aggregation states. At large intensities the material is melted
mainly by the thermal melting mechanism, originating from the equilibrium
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Figure 4.23.: Qualitative model of metal ablation at large intensities.
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of the two-temperature system (Sec. 2.2). Normal vaporization is the major
ablation process on this time scale.
At small irradiation intensities the heterogeneous nucleation (normal boil-
ing) is the major mechanism of laser ablation by nucleation on the time scale
of several nanoseconds. However, if large thermal gradients are induced by the
ultrafast laser radiation (I > 1013 W·cm−2 ) homogeneous nucleation (phase
explosion) occurs (Figure 4.23, d). The material undergo a rapid transition
from superheated liquid to a mixture of vapor bubbles and liquid droplets.
This kind of bubble formation takes place spontaneously anywhere in the
superheated melt volume. Phase explosion, particularly observed experimen-
tally in this work in the time range τ = 700 ps – 1 ns is therefore considered
as the responsible ablation mechanism. However, since large ablation rates
have been measured in this work at I ≈ 1015 W·cm−2, another ablation
mechanism – called “boiling crisis” – is proposed in this work to be a con-
siderable mechanism as well (Figure 4.23, e). Since the rate of heterogeneous
nucleation dramatically increases near T = 0.9Tc, even a slight temperature
maximum could result in rapid nucleation and growth of bubbles below the
surface of the liquid. As the vapor bubbles grow and coalesce, a large bubble
may be formed below the surface. When the bubble reaches a critical size
it will burst, propelling highly pressurized vapor, liquid melt droplets and
plasma into the plume.
A shock wave is induced as a result of this intense material ejection (Fig-
ure 4.23, f). The propagation of shock waves (with velocities v ≈ km/s) is
detectable in the time range τ ≈ 3− 100 ns.
Due to significant overheating of the material, assumed in the case of
irradiation at large intensities I > 1013 W·cm−2, ablation on the time scale of
several 100 ns is still driven by the nucleation, i.e. phase explosion, and intense
vaporization (Figure 4.23, g). In this work, an increased ejection of vapor and
sub-micrometer scaled particles has been observed at τ ≈ 200−700 ns (called
“vapor regime”).
Finally, an intense ejection of apparently liquid melt occurs in the “melt
regime” on the time scale τ ≈ 1 µs (Figure 4.23, h). Depending on the ma-
terial parameters, as well as the experimental conditions, either continuous
liquid jets or melt droplets with dimensions of several µm are evident. Inves-
tigations into the matter of liquid jet formation (Sec. 3.3.6,4.3, 4.6) indicate
that the recoil pressure and hence resulting “piston effect” is the major mech-
anism. For ablation by the “piston effect”, large lateral pressure gradients are
required, which are most likely generated by the preceding ablation due to
boiling crisis and phase explosion at τ < 1 µs. The fact, that liquid melt jets
can be observed even during ablation with a single femtosecond pulse, indi-
cates that a crater of a significant depth is produced up to the time τ ≈ 1 µs
and the melt is still available inside the crater. This consideration is confirmed
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by experiments with several pulses (n = 1..8) exhibiting a volume increase of
the ejecta both in vapor, and melt regimes. On the other hand, continuous
liquid melt jets cannot be observed at confined samples and in vacuum, which
again confirms the assumption of ablation mechanisms at τ ≈ 1 µs driven by
pressure gradients induced in the adjacent atmosphere.

5. Melting and micro-welding of
borosilicate glass and silicon
In the previous chapter time-resolved studies of melting and ablation of met-
als irradiated with single ultra-short laser pulses at large intensities (I .
1015 W·cm−2) have been presented. Thereby, ultrafast melting and ablation
is achieved mainly by thermal phenomena, such as vaporization, heteroge-
neous and homogeneoeus nucleation, phase explosion etc. Another approach
for the ultrafast melting of matter, which is often used for melting in the
volume of transparent dielectrics, is given by utilizing high-repetition rate
(frep ≈ 105− 106 Hz ) ultrafast laser radiation and, consequently, heat accu-
mulation effects.
In this chapter the interaction of high-repetition rate ultrafast laser radi-
ation with borosilicate glass is investigated. Melting of glass has been studied
by observing laser-induced transient refractive index changes time-resolved by
means of TQPm (Sec. 5.1). Laser induced melting is used for micro-welding
of thin substrates of glass with glass and silicon (Sec. 5.2). This micro-welding
technique offers a great potential for many technological applications.
5.1. Melting of glass
Tight focusing of ultrafast laser radiation of moderate energy (Ep = 1 −
10 µJ) into the volume of transparent dielectrics results in very large, localized
(in space and time) intensities on the order I ≈ 1014 W·cm−2, and leads
to nonlinear absorption inside the dielectrics, such as multiphoton and/or
tunnel ionization, followed by avalanche ionization (Sec. 2.1.3). Under these
conditions the laser-material interaction becomes highly nonlinear, resulting
in permanent modification of the material, e.g. in irreversible refractive index
changes, chemical defects, and mechanical decompositions, e.g. cracks and
bubbles [120]. In addition, the energy deposited by the laser radiation can
melt the material in the focal volume, and the subsequent resolidification
leads to structural modifications around the focal volume [23, 28, 30]. In this
manner, by moving the laser focus continuously inside the material, melt
tracks can be generated.
As already mentioned in Chapter 1, the response of dielectrics to focused
ultrafast laser radiation depends on the laser and process parameters, such as
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the irradiation intensity in the focal volume, the pulse duration, the number
of pulses per irradiated site, the repetition rate, and the wavelength. The
dielectrics under investigation are characterized by its chemical composition
i.e. doping, and physical properties. These characteristics finally determine
the kinds of elementary processes that take place within the medium and the
kinds of final structural modifications that are obtained.
5.1.1. Laser-induced refractive index changes
Melt tracks representing prolate molten and resolidified areas have been gen-
erated in technical borosilicate glass Schott D263T (Appendix B) by focusing
the ultrafast laser radiation (λ = 1045 nm, tp = 450 fs, Ep = 200nJ – 1.2 µJ,
frep = 0.7 − 1 MHz, dfocus = 3.9 µm) inside the glass sample and moving
the sample at the constant translation speed v perpendicular to the laser
beam. A microscope objective Leica 20x/NA=0.4 has been used for focusing.
Cross-sections of the glass samples containing melt tracks have been made
by cutting using UV nanosecond laser radiation and embedding the cut sam-
ples into a resin and thereupon lapping and polishing both sides up to optical
surface quality. The produced melt tracks are characterized ex situ by detect-
ing the laser-induced refractive index changes qualitatively by means of DIC
microscopy [121] (Figure 5.1), and quantitatively by means of qunatitative
phase microscopy (QPm™).
DIC microscopy of produced cross-sections exposes elliptical features with
inhomogeneous morphology exhibiting inner and outer regions (Figure 5.1,
right). Depending on the adopted laser and process parameters, such as pulse
energy, repetition rate, and translation speed, differences in dimensions of
the inner and the outer regions are detected. The smaller (inner) region has
dimensions in the range b2 = 5 − 20 µm, and the larger (outer) region has
dimensions b1 = 20 − 30 µm. Two dark spots, exhibiting negative refractive
index change, are detected within the inner region by DIC microscopy.
Besides the aforementioned melting mechanisms described in Chapter 2,
incubation effect, i.e. the accumulation of heat and defect formation from
pulse to pulse, is considered to be a substantial melting mechanism as well.
Each pulse interacting with the material changes the propagation conditions
for the next pulse [25, 27]. Furthermore, the time evolution of the energy
absorbed from successive laser pulses increases the inhomogeneity density in
the bulk through the generation of electronic states within the band gap.
Thereby the absorptivity (or absorbing cross section) increases within the
irradiated volume. These inhomogeneities generated by the laser radiation
are described as incubation effects due to the excited atoms and molecules,
electron-hole pair, broken bonds, and/or molecular fragments [122].
Many applications, such as waveguide-writing, 3D-micromachining, and
micro-welding of glass, require preferably homogenous melt tracks, i.e. prolate
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Figure 5.1.: Melt tracks produced in Schott D263T glass with ultrafast laser
radiation (frep = 1 MHz, Ep = 0.25 µJ, v = 2 mm/s) detected
with DIC microscopy in top-view (left), and in cross-section
(right).
modifications with constant dimensions. The homogeneity of the produced
melt tracks depends decisively on the energy deposited per irradiation site.
By focusing ultrafast laser radiation inside glass, a melt pool is created by
localized melting due to nonlinear absorption. The energy balance between
heating and cooling is generally maintained within a spatially localized vol-
ume of the glass, whereas the melt pool remains stable until resolidification.
Thus, a homogeneous propagation of the melt pool inside the glass is con-
ditional on the energy balance, e.g. the deposited energy per irradiated site,
which is given, among other things like focussing conditions, generally by the
pulse energy, the repetition rate, and the translation speed.
Figure 5.2.: Cracks produced inside glass at Ep = 0.9 µJ, frep = 1 MHz, and
v = 1 mm/s, detected by DIC microscopy.
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Exemplarily, irradiation of glass at pulse energy Ep = 0.9 µJ at frep =
1 MHz and v = 1 mm/s leads to generation of cracks both along and across
the track direction (Figure 5.2).
Figure 5.3.: Optical phase distribution of a melt track in glass ( frep = 1 MHz,
Ep = 0.25 µJ, v = 2 mm/s), detected by QPm™ (left). Refrac-
tive index distribution corresponding to the dashed line (right).
Ex situ quantitative measurements of the induced refractive index change
have been performed by quantitative phase microscopy QPm™ using incan-
descent white-light as illumination (Figure 5.3). Herein, the increase in the
intensity denotes a larger phase change. The refractive index distribution re-
veals a significant decrease of the refractive index by ∆n ≈ 0.7 · 10−3 in the
central region of the melt track. Two regions with increased refractive index
by ∆n ≈ 1.3 · 10−3 are observed at the distance ±2.5 µm (equidistantly from
the center of the melt track). Thus the summary induced refractive index
change is ∆nsum ≈ 2.0 · 10−3.
The increase of the refractive index (bright regions in Figure 5.3, left)
is generally referred to material compression induced by the laser induced
heating of glass. The heating occurs due to the relaxation of the electron
system with the phonon system [23]. Therefore the glass is heated locally
leading to large compression forces within a small volume and, consequently,
changing the density of the glass.
The dark regions in the phase distribution in the center of the melt track
denote therefore the decrease of the refractive index caused by the creation
of voids (vacant spaces), as a consequence of material decompression. The
mechanism of the void creation is explained in terms of the Coulomb explo-
sion or, at larger irradiation intensities, extensive thermal expansion after
multi-photon excitation of the material [123, 124]. Futhermore, non-thermal
processes initiated by the generation of free electrons due to multi-photon
absorption are substantial, inducing defects like short-living STE and long
living NBOH- and F-centers [125]. Hence, the material density is changed by
changing binding distances between silicon and oxygen atoms.
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5.1.2. In situ phase microscopy of melting
Melting of glass has been observed time-resolved by means of TQPm (Chapter
3). Melt tracks have been induced using laser radiation with the pulse energy
Ep = 0.1 µJ, and at the repetition rate frep = 100 kHz. For the TQPm
diagnostics, the focal displacements have been set to ∆z = 2 µm (Sec. 3.3.2)
because of the small dimensions of produced melt tracks, on the order of
several micrometers. The probe laser radiation at λ = 800 nm has been
prepared as described in Sec. 3.3.5, in order to suppress the bright optical
emission during melting of glass. The glass sample has been translated at a
constant speed v = 1 mm/s.
Melting of D263T glass has been investigated by TQPm at eight different
delays in the range τ = 0.04 − 2.10 µs after irradiation by the last pump
pulse, respectively (Figure 5.4). The optical phase distribution emphasizes
a phase decrease within the laser interaction zone (laser focus) shortly after
irradiation at τ = 0.04 µs. This decrease can be attributed to the generation
of free electrons with a refractive index n < 1. Nearby to the laser interaction
zone a region with an increased phase is measured which can be attributed
to compressed and molten glass. With increasing delay the optical phase of
this region decreases reflecting the cooling process of the glass. Apparently,
no significant optical phase changes are evident at delays τ & 1 µs, thus the
melting dynamics is mainly completed at this point.
Figure 5.4.: Transient optical phase in borosilicate glass D263T during melt-
ing, detected by TQPm. Brigth and dark regions represent opti-
cal phase increase and decrease, respectively.
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Figure 5.5.: Transient refractive index changes along the melt track (dashed
line) during melting of glass, detected with TQPm.
With known geometry of the investigated glass sample, as well as the re-
fractive index of the non-processed glass (n0 = 1.5230, Appendix B), the laser
induced refractive index change can be characterized quantitatively and time-
resolved (Figure 5.5, right). Herein, the absolute refractive index distribution
has been calculated for five different delays along the melt track, starting
in the non-processed glass, further passing the laser interaction zone (laser
focus), and finally, ranging into the processed glass regions (Figure 5.5, left).
A reversible, transient refractive index change ∆n ≈ −0.7..0.75 · 10−3
can be observed at the delays τ = 0.04 µs and τ = 0.20 µs within the laser
interaction zone at the position x ≈ 2 µm. These values of n are smaller than
the corresponding values of the permanently induced refractive index change
at x > 15 µm. At the position x ≈ 7 − 9 µm a transient increase of the
refractive index ∆n ≈ 0.35 · 10−3 is observed. Hence, for delays τ 6 0.52 µs
the refractive index is larger than that of the non-processed glass n0, whereas
at larger delays τ > 0.52 µs the refractive index is equal or smaller than n0.
5.2. Micro-welding of borosilicate glass and
silicon
5.2.1. Principle of micro-welding
Plates of borosilicate glass (Schott D263T) with thicknesses dglass,1 = 1 mm
and dglass,2 = 200 µm as well as p-doped silicon (100) wafer with thickness
dSi = 375 µm have been processed by RCA-cleaning [126]. Thereupon glass
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Figure 5.6.: Principle of micro-welding of glass with glass or silicon using
ultrafast laser radiation.
plates have been pressed together with glass or silicon plates. Micro-welding
is attained by focusing high-repetition rate ultrafast laser radiation (λ =
1045 nm, tp = 450 fs, frep = 0.7 MHz, Ep = 0.22− 0.36 µJ, v = 1− 2 mm/s)
within the interface and moving the plates relative to the laser focus parallel
to the interface between the plates (Figure 5.6). The focusing is obtained
by a microscope objective Leica 20x/NA=0.4 with the estimated spot size
dfocus = 3.9 µm. Both plates are melted locally by accurate positioning of
the focused laser radiation at the interface, whereby a joint melt pool is
generated. By moving the sample at an appropriate translation speed, both
plates can be welded continuously forming a welding seam.
5.2.2. Morphological changes
Welding of glass with glass
Processed glass samples have been analyzed by means of optical microscopy,
DIC microscopy and SEM. Cross-sections have been produced similar to sam-
ple treatment of melt tracks (Sec. 5.1.1), again, by cutting strips using UV
nanosecond laser radiation and incorporating the welded substrates into a
resin. Afterwards the surface cross-sections have been polished up to optical
surface quality.
Cross-sections of the glass-glass welds expose modified regions within the
material similar to melting of glass (Sec. 5.1.1) featuring two dark spots in
the inner region (b2) and an outer region (b1), when observed with optical
transmission microscopy (Figure 5.7). Similar dimensions of the modified ar-
eas b1 and b2 have been defined as well. Two dark regions have been observed
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within the inner modification, the larger one in the upper glass, the smaller
one in the lower glass, representing the compressed areas with increased re-
fractive index. A bright region in the center of the modification represents a
rarefied area with decreased refactive index.
Figure 5.7.: Welding seams observed between two glass plates in top-view
(left) and in cross-section (right) detected by optical microscopy.
In order to estimate the quality of the welding seams, the welded glasses
have been separated by putting the blade of a sharp scalpel between two
plates and thereby breaking a small part of the thin glass away. Glass residues
have been detected along the welding seams left at the lower glass plate,
featuring thin glass films with following dimensions: thickness ∼ 1 − 3 µm,
length up to ∼ 200 µm, width ∼ 4 − 15 µm (Figure 5.8). Glass convexities
are detected on the lower glass plate, whereas glass concaves are observed on
the upper glass. Thus a larger welding strength is achieved with the lower
glass.
Figure 5.8.: Complementary glass plates separated after welding, detected by
optical microscopy.
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Welding of glass with silicon
The geometry and the morphology of the welding seams between glass and
silicon have been analyzed by optical microscopy and, additionally after sep-
arating the samples, with SEM. Similar modifications, as compared to the
welding of glass with glass, are observed in cross-sections within the upper
glass. In contrast, only spare modifications with dimensions ∼ 2 − 3 µm
are observed in the silicon wafer (Figure 5.9, left). Large area glass residues
are detected on the silicon wafer after separation of glass and silicon plates
(Figure 5.9, right).
Figure 5.9.: Welding seams observed between glass and silicon wafer in cross-
section (left) and after separation of welded materials in top-view
(right), detected by optical microscopy.
Figure 5.10.: Welding seams observed after etching between glass and sili-
con wafer in cross-section (left) and after separation of welded
materials in top-view (right), detected by SEM.
To emphasize the induced morphological changes in silicon, the cross-
sections have been prepared in an etching solution (H2O, HCl 35%, HNO3
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65%, HF 33%, volume ratio 10:3:5:2). Afterwards the cross-sections have been
sputtered with a 20-50 nm gold film. A modified region, presumably being a
mixture of silicon and glass is detected by SEM close to the interface (Figure
5.10, left). The observed modification is situated mostly in the upper glass,
ranging only 2− 3 µm into the silicon wafer.
Glass residues left on the silicon surface have been investigated after sep-
aration of glass and silicon by SEM (Figure 5.10, right). Contrast contours of
the welding seam can be observed within the glass residue, revealing the same
width as the estimated spot size of the adopted laser radiation dfocus = 3.9
µm, thus reconfirming the assumption of the larger welding strength with the
lower substrate.
5.3. Model for melt flow dynamics
Based on the information about the interface deflection in the direct prox-
imity of the welding seam (Figure 5.11) the prevailing direction of the melt
flow leading to joining of glass plates can be studied. The direction of the
interface deflection depends on the position of the laser focus relative to the
glass interface. Apparently, the interface is deflected either in the direction
from the lower glass towards the upper glass (Figure 5.11, left), or in the
opposite direction, when the laser focus is placed in the upper glass (Figure
5.11, right). Hence, the interface deflection emphasizes the possible melt flow
direction. This observation is in a good agreement with other numerical simu-
lations and experiments on flipping of the refractive index during irradiation
of borosilicate glass with single and multiple pulses [127]. Propagation of the
focused laser radiation in glass, as well as the evolution of heat and strain
waves have been simulated. The generation of refractive index gradients is re-
ferred to the thermal expansion of glass, material compression and therefore
mechanical rarefaction.
Based on these considerations and other experimental results of this chap-
ter, a qualitative model for the micro-welding of glass (upper substrate) with
glass/silicon (lower substrate) can be deduced (Figure 5.12). By tightly fo-
cusing high-repetition rate ultrafast laser radiation within the interface be-
tween two substrates (at τ = 0), the material of both substrates is ionized
by non-linear ionization processes (Figure 5.12, left). Melt tracks featuring
compressed and rarefied regions are produced by heat accumulation effects
[24] on the time scale τ . 1 µs (Figure 5.12, middle). Large compression
forces are present in both substrates, which leads to the generation of a joint
melt pool and therefore to a melt flow between the substrates.
After irradiation, the produced weld seam exhibits an interface deflection
in the direction which emphasizes the assumed melt flow direction (compare
to Figures 5.7, 5.8, and 5.11), in dependence on the laser focus position
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Figure 5.11.: Interface deflections emphasizing the assumed melt flow during
welding of glass. Cross-sections of welding seams are observed
with DIC microscopy.
Figure 5.12.: Qualitative model for micro-welding of glass (upper substrate)
with glass/silicon (lower substrate).
relative to the interface (Figure 5.12, right). Regions with large and small
density are induced by the melt flow and following resolidification. As a result,
the substrates are joined forming a continuous weld seam.

6. Summary and outlook
Excitation with ultrafast laser radiation at large intensities (I . 1015 W·cm−2)
prepares matter in unique thermodynamical conditions allowing both an ac-
cess to exotic states of matter in controlled laboratory environment, and a
multitude of technological applications. Recent advances in laser technology
made compact ultrafast laser sources affordable featuring a combination of
high pulse power and large repetition rate. Furthermore a lot of scientific
work has been done towards understanding of various ultrafast phenomena.
Thereby, one of the ultimate goals is to enable the efficient and controlled
tailoring of the material properties according to the current needs of technol-
ogy. Within the scope of the ongoing fundamental research in order to attain
this goal, a further contribution is presented in this thesis, by studying the
ultrafast ablation dynamics of solids irradiated at large intensities.
Advances in experimental techniques
Novel experimental techniques and tools have been developed and applied
in order to enable investigations of laser induced transient phenomena on
different time scales:
1. Pump-probe imaging technique has been adopted and improved by ex-
tension of its temporal detection limit up to τ ≈ 2 µs. Thereby, a
temporal resolution in the sub-picosecond range is enabled by adopting
an extended multipass delay stage designed for the use with the
ultrafast laser radiation at the wavelength λ = 800 nm and based on
the Herriott-White cell design (Sec. 3.2.4).
2. A novel quantitative optical phase microscopy techinque, TQPm
(Sec. 3.3.2) has been developed for time-resolved investigations of tran-
sient refractive index and morphology changes. By combining TQPm
with the multipass delay stage a unique instrumentation for the ob-
servation of ultrafast phenomena is created, featuring, to the author’s
best knowledge, an unmatched combination of the spatial (∆x ≈ 1 µm),
temporal (∆t ≈ 100 fs) and phase (∆n ≈ 10−4) resolution as well as
the temporal detection range τ . 2 µs.
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New findings on melting and ablation of metals
Investigations of the ultrafast melting and ablation of metals irradiated at
large intensities have been matter of research:
1. For laser ablation of metals at large radiation intensities, the temporal
and spatial profiles of the adopted laser radiation have been examined.
Particularly, for laser radiation generated by the chirped-pulse amplifi-
cation technique, the background pedestals originating mainly from the
ultra-short pre-pulses and the amplified spontaneouos emission (ASE,
tp ≈ 8− 10 ns) and preceding the main ultra-short pulse can affect the
laser ablation significantly (Sec. 4.4). The energy of the background
pedestals has been measured directly by utilizing a spectral filtering
technique during amplification of the laser radiation (Sec. 3.2.2). The
heating effect of the ASE radiation has been estimated numeri-
cally resulting in a temperature increase by several hundreds of Kelvin,
depending on material properties and applied irradiation intensity. At
large intensities I ≈ 1015 W·cm−2 melting occurs even before the ar-
rival of the ultra-short pulse, resulting in increased ablation rates and
affecting the emerged ablation morphology.
2. Fundamental aspects of the ultrafast laser ablation of pure metals (Au,
Al, Cu, Fe, W), such as laser-matter interaction, plasma forma-
tion, evaporation and melt dynamics have been studied experi-
mentally in situ by means of time-resolved shadowgraphy, TQPm, and
ex situ by white-light interferometry and scanning electron microscopy.
Using the two-temperature model (Sec. 2.2), ablation thresholds for dif-
ferent metals have been determined in two ablation regimes, defined as
ablation driven either by the optical penetration of the laser radiation,
or by the thermal diffusion of electrons (Sec. 4.1).
3. For the first time, time-resolved shadowgraphy and quantitative
measurements of the ablated volume in metals have been per-
formed up to the delay τ = 1.81 µs after irradiation with sub-picosecond
time resolution. In this delay range, the observed ablation phenomena
can be classified by at least four characteristic time regions (Sec. 4.2),
featuring the ejection of plasma and highly pressurized vapor, material
vapor due to nucleation effects, liquid melt jets, and resolidification,
respectively. An increase of the ejecta volume has been observed in situ
at delays τ ≈ 300 ns (“vapor regime”), representing largely ejection of
material vapor, and τ = 1 µs (“melt regime”), revealing mainly ejec-
tion of prolate molten jets and large melt droplets. At large intensities
I > 1014 W·cm−2, an increase of the ex situ determined ablated vol-
umes is referred to the pre-heating by the ASE radiation and therefore
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changed material properties.
4. The effect of the residual ambient pressure on ablation has been
studied (Sec. 4.5) by time-resolved shadowgraphy utilizing a compact
vacuum chamber designed for pump-probe experiments. Experiments
on metals indicate that in case of the smallest applied ambient pressure
(P = 5.0 · 10−3 mbar) no prolate ejections can be observed at any
delay τ . Furthermore, ejections of any material occurred up to τ ≈
1.2 µs only, in contrast to the ejections at the atmospheric pressure
being still evident up to τ ≈ 2 µs. Generation of micro- and nano-
wires with diameters d ≈ 100nm − 1.1 µm can be observed ex situ by
SEM. For material irradiation with near-(ablation-)threshold intensities
in vacuum, i.e. in the absence of the interaction between plasma and
material surface, the spatial variations in deposited laser energy can
produce nanomelt, which can be expelled in form of nano-structures
due to large thermal and pressure gradients within the liquid.
5. In order to investigate the large-scale area ablation dynamics, abla-
tion on confined samples with quasi-2D geometry featuring a
step profile have been perfomed on metals (Sec. 4.6). Thereby differ-
ent values of the spatial pulse overlap have been used. With decreasing
overlap, the vapor and the melt are ejected at variable angles relative to
the surface normal, furthermore the ejections are perturbed and more
diffuse. Additionally, no continuous melt ejections, i.e. melt jets have
been observed.
6. In summary, based on the experimental results of this work, a qual-
itative description for ablation of metals at large intensities
is given, and important differences to the ablation at near-threshold
intensities are specified in Sec. 4.7. Particularly, phenomena concerned
with overheating of material, e.g. critical phase separation and phase
explosion, are assumed as the prevailing mechanisms of ablation at de-
lays τ > 1 ns. In addition, “boiling crisis” is suggested as a considerable
ablation mechanism as well. Since the rate of heterogenous nucleation
dramatically increases at temperatures near T = 0.9Tc, the vapor bub-
bles grow and coalesce below the metal surface until a large bubble
is formed. When the bubble reaches a critical size it will burst, eject-
ing highly pressurized vapor, liquid melt droplets, and plasma into the
plume.
The knowledge of the material ablation dynamics under intense excitation by
the ultrafast laser radiation, as investigated in this thesis, is essential for tech-
nological applications, such as high-precision microstructuring and drilling.
The characteristic time scales and the magnitude of ablation phenomena
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induced by irradiation at large intensities, are generally different to the near-
threshold ablation. Particularly, the effects of the superheated melt have to
be considered, being responsible for the thermomechanical strain increase,
and generation of debris, e.g. resolidified melt.
Laser-induced melting and its application to micro-welding
Melting of technical borosilicate glass by high-repetition rate ultrafast laser
radiation has been studied in situ by means of TQPm and ex situ by means
of optical and DIC microscopy, as well as SEM and WLI (Sec. 5.1).
1. The laser radiation has been focused tightly (d ≈ 3.9 µm) in the vol-
ume of the material. Melt tracks revealing an irreversible refactive index
change have been produced by a continuous translation of the sample
relative to the laser radiation. Refractive index gradients within the
modified areas are induced either by local thermal material compres-
sion, or correspondingly by rarefaction and density decrease of the ma-
terial. Time-resolved measurements of glass melting performed
by means of TQPm exhibit a transient decrease of the refractive index
in the direct vicinity of the laser spot at delays τ 6 0.20 µs, which re-
flects the ionization process in the material. Also an increased transient
refractive index, which is larger than the permanently induced one, has
been observed at delays τ 6 0.52 µs, representing the thermal induced
material densification.
2. An important application of the laser induced glass melting is estab-
lished in terms of micro-welding of thin glass substrates with
glass or silicon (Sec. 5.2). By producing the melt tracks in the inter-
face between two substrates, reliable weld seams are produced in the
micrometer regime. The prevailing melt flow direction, from the lower
substrate towards the upper substrate, e.g. towards the laser source,
has been identified in cross sections of the weld seams. Glass residues
have been detected mainly on the lower substrate after separation of the
substrates, reflecting a large mechanical strength of produced welds.
Recommendations for future work
Further experiments would be useful to determine the incubation effects of
the high-repetition rate irradiation of metals, since the development of such
laser sources, featuring large peak pulse power (multi-megawatts), is rapidly
advancing presently. For laser systems exhibiting pedestal radiation, such
as CPA-based lasers, a numerical simulation of the interaction between the
ultrafast laser radiation and pre-heated material would be helpful, in order
Summary and outlook 119
to predict the ablation rate. Furthermore, a detailed time-resolved study of
the ablation phenomena in high vacuum would be of interest.
The investigated micro-welding technique using high-repetition rate ul-
trafast laser radiation may be applied not only to glass and silicon, but also
to other materials such as metals. Moreover, the micro-welding technique
possesses a great potential for the biotechnology, microfluidics, and micro-
electronics.

APPENDICES
A. Abbreviations
∆n refractive index change
∆z focus displacement
τ delay
ASE amplified spontaneous emission
CPA chirped-pulse amplification
CPSS critical point phase separation
DIC differential interference contrast
FWHM full width at half-maximum
HMC Hoffmann modulation contrast
ICR intensity contrast ratio
MOPA master oscillator power amplifier
MPA multi-pass amplifier
RGA regenerative amplifier
SEM scanning electron microscopy
TIE transport of intensity equation
TOAC third-order auto-correlation
TOCC third-order cross-correlation
TQPm transient quantitative phase microscopy
WLI white-light interferometry

B. Material properties
B.1. Metals
Reference data for thermophysical properties of metals Al, Au, Cu, Fe, and
W are given in Table B.1 [38, 128, 129, 130, 131].
Parameter Unit Al Au Cu Fe W
Density ρ
[
g cm−3
]
2.7 19.3 8.94 7.86 19.35
Melting temperature Tm [K] 933 1338 1357 1808 3660
Boiling temperature Tb [K] 2730 3031 2840 3023 5882
Specific heat cp
[
Jg−1K−1
]
0.90 0.13 0.39 0.46 0.13
Absorptance (at λ = 800 nm) α [a.u.] 0.1 0.29 0.18 0.38 0.44
Thermal conductivity κT
[
Wcm−1K−1
]
2.37 3.18 4.0 0.80 1.78
Thermal diffusivity DT
[
cm2s−1
]
1.03 1.22 1.14 0.23 0.65
Melting enthalpy ∆Hm
[
103 Jg−1
]
0.41 0.06 0.20 0.27 0.19
Vaporization enthalpy ∆Hv
[
103 Jg−1
]
10.75 1.73 4.7 6.3 3.86
Electron-phonon coupling coeff. γ
[
1016 Wm−3K−1
]
4.5 1.7 1.3 1.2 2.8
Work function ΦB [eV] 4.28 5.1 4.65 4.5 4.55
Table B.1.: Thermophysical properties of metals (Al, Au, Cu, Fe and W).
B.2. Borosilicate glass and silicon
Reference data for optical and thermophysical properties of Schott D263T
glass and p-doped silicon (100) are given in Table B.2 [130, 132].
Parameter Unit Schott D263T Silicon (100)
Density ρ
[
g cm−3
]
2.51 2.33
Softening/melting temperature Tm [K] 1009 1683
Specific heat cp
[
Jg−1K−1
]
0.82 0.70
Refractive index [a.u.] 1.5230 –
Table B.2.: Optical and thermophysical properties of Schott D263T glass and
silicon.

C. Calculation of the Herriott
cell parameters
The parameters of the Herriott cell, e.g. the mirror separation L and corre-
sponding delay values, have been calculated for Nmax = 300 passes through
the cell using MATLAB©. The mirror separation L is given by Equation 3.9
(Sec. 3.2.4). Due to the periodicity of the cosine function, a set of solutions
for L is given in dependence on the number of passes N through the Herriott
cell. Therefore the calculated mirror separation data has to be resorted and
assigned to the delays τ corresponding to the smallest possible number of
passes at a given mirror separation L. These calculations are implemented
using the following MATLAB© code:
F=1000; % Focal length of the mirrors [mm]
Nmax=300; % Maximal number of passes
% Calculation of the mirror separation L
% using Equation 3.9 in the range L=F..2F
for n=4:2:Nmax,
for k=1:(Nmax/2),
d=2*F*(1-cos(2*pi*k/n));
if (d>F) & (d<=(F*2))
Lngth(n,k)=d;
end;
end;
end;
% Sorting of the delay data and its assignment
% to the mirror separation data L
L=F; m=0; % Starting parameters
while L<=2*F
for n=4:2:Nmax,
for k=1:(Nmax/2),
% Implementing "bubble sort"
% Sorting with an accuracy of 10 µm
maxvalue=Lngth(n,k)+0.01;
minvalue=Lngth(n,k)-0.01;
if (L>minvalue) & (L<maxvalue)
m=m+1;
sorted_L(m)=L;
% Delays given in [s]:
sorted_delays(m)=(n*L/1000)/3e8;
end;
end;
end;
L=L+0.01; % iteration step
end;
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% plotting of the sorted data
plot(sorted_L, sorted_delays,’b.-’)
Adopting collimated laser radiation (beam width wbeam ≈ 2.5− 4.5 mm)
injected through a radial slit in one of the mirrors (width wslit = 4.5 mm),
a further filtering of the calculated delay data is required in order to avoid
deflection and clipping of the output beam at the slit. The filtering criterion
is applied to the calculated array Li and is given by
|N(Li)−N(Li+1)| > 2,
meaning that the number of passes N for any two sequential values of the
calculated mirror separation Li and Li+1 should differ by at least 2, corre-
sponding to at least one round-trip of the beam inside the cell.
Figure C.1.: Calculated delay as a function of the mirror separation in the
range L = 1800− 2000 mm.
Using the calculated delay data (Figure C.1) the required delay can be
adjusted by changing the mirror separation with an accuracy of 10 µm, as
implemented in the MATLAB© code above.
D. TQPm acquisition and
evaluation tools
D.1. Image acquisition and processing
software
Different software tools for image acquisition, pre-processing of images taken
for QPm™(e.g. for compensation of illumination intensity and magnification
differences) have been developed. Images are acquired by a custom acquisi-
tion software programmed using the STEMMER CVB software development
kit1 and MS Visual Studio environment. The acquisition software controls
three externally triggered CCD cameras performing a simultaneous image
acquisition and an automatic saving of the acquired images.
Figure D.1.: Flowchart of the TQPm image processing software.
The MATLAB©-based image processing software includes a calibration
1http://www.stemmer-imaging.com
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Figure D.2.: Principle of projective transformation.
routine and an experiment routine (Figure D.1). Object detection at different
focal positions with three CCDs results in object images with different magni-
fication and illumination intensity due to certain imperfections of the utilized
optical and opto-mechanical components. For phase calculations, these differ-
ences have to be corrected to get the same dimension and illumination of the
images, as using just one CCD and displacing the object sequentially with
standard QPm™. The variations of the magnification are corrected by the
“Geometry module” of the calibration routine, performing rotation, trans-
lation and scaling of the involved images (Figure D.1). A gold-coated glass
plate representing four crossing 2 µm wide lines generated by laser ablation
has been used for calibration.
The calibration is performed by the “Geometry module” in two steps:
1. Reference images of the calibration plate are taken with only one CCD
at three different focal positions by moving the object manually by de-
sired ∆z. This triplet of images refers to the standard QPm™procedure.
2. Images of the calibration plate are taken by three CCDs, which are
placed to detect the images corresponding to focus displacements of
the first step. An algorithm of the calibration routine compares the
reference image of each defocused image with the corresponding image
taken by TQPm and adjusts them by a projective transformation [102]
(Figure D.2).
A projective transformation represents a vector space transformation preserv-
ing geometrical straightness and featuring rotation, translation and scaling
of the images. Four image points are sufficient to define a projective transfor-
mation unequivocally. Distortions induced by non-orthogonal aligned CCD
relative to the optical axis and image aberrations, however, are not compen-
sated by projective transformations.
Similarly, the intensity variations at different focus positions are measured
by the “Intensity module”. In this case measurements in air without any
D.1 Image acquisition and processing software 129
calibration plates are adopted. Thus, two transformation matrices, for spatial
and intensity transformation, are generated and passed to the experiment
routine.
In the experiment routine the taken images of a real experiment are ad-
justed by the space-intensity transformation tool (Figure D.1), using param-
eters defined by the calibration routine.
D.2. Compensation of phase distortions by
Zernike polynomials
In order to compensate optical aberrations, the phase calculated by QPm™
(Sec. 3.3.4) can be expressed in terms of Zernike polynomials. The Zernike
polynomials are a set of functions that are orthogonal over the unit circle.
They are useful for describing the shape of an aberrated wavefront passing
an optical system. Several different normalization and numbering schemes for
these polynomials are in common use [102]. The even Zernike polynomials
are given by
Zmn (ρ, φ) = Rmn (ρ) cos (mφ) ,
and the odd Zernike polynomials by
Z−mn (ρ, φ) = Rmn (ρ) sin (mφ) ,
wherem and n are non-negative integers with n > m, φ is the azimuthal angle
in radians, and ρ the normalized radial distance. The radial polynomials Rmn
are defined as
Rmn (ρ) =

(n−m)/2∑
l=1
(−1)l(n−l)!
l![ 12 (n+m)−l]![ 12 (n−m)−l]!
, for (n−m) even
0, for (n−m) odd.
Since every aberration can be represented as a sum of Zernike polynomials
(Figures 3.19, D.3), an aberrated wavefront can be compensated by subtract-
ing it from the corresponding phase distribution.
A MATLAB© code has been developed in order to fit the Zernike poly-
nomials Z−11 , Z11 , Z−22 and Z22 to the calculated phase distribution of air, i.e.
without any phase object. Generally, the phase distribution can be described
as
Φ (ρ, φ) =
n>|k|∑
n,|k|∈N0
aknZ
k
n
(
bknρ+ ρkn, φ+ φkn
)
,
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where akn, bkn, ρkn and φkn represent the adjustable fitting parameters. The
developed code calculates the fitting parameters (for n = 1 and 2) which are
then used for the aberration compensation of a phase distribution acquired
in a real experiment (Sec. 3.3.4).
Figure D.3.: Zernike polynomials for n 6 4 with corresponding descriptions
of the aberrations.
E. Calculation of laser-induced
thermoelastic stress
Thermoelastic waves are generated during heating of metals by ultrafast laser
radiation due to thermal expansion of the material in the near surface region
and propagate into the target. The generation of laser-induced thermoelastic
waves results in a large strain rate, which is coupled with the dynamics of
the temporal temperature distribution. This coupling affects the stress wave
during its propagation and induces localized temperature variations [133] re-
sulting in a periodicity of material ejections observed in situ in the picosecond
and nanosecond regimes during ablation of metals (Sec. 4.2) [109].
The thermoelastic stress can be calculated analytically by expressing the
laser pulse energy as a Fourier series and calculating the thermalization dy-
namics using the two-step heat transfer model [107].
The dynamics of the optical energy transfer to the electron system is given
by the one-dimensional equation (x is chosen orthogonal to the surface)
Ce
∂
∂x
(
k
∂Te
∂x
)
− γ (Te − Ti) + βI(t)e−βx, (E.1)
which describes the electron temperature increase due to absorption of the
optical energy βI exp (−βx), heat diffusion ∂ (k∂Te/∂x) /∂x, and transfer of
the electron energy to the ion system γ(Te − Ti). In this equation k repre-
sents the thermal conductivity of the electron gas, β the optical absorption
coefficient, and γ the electron-phonon coupling constant (Appendix B).
The dynamics of the heat transfer from the electron system to the ion
system can be described by
Ci
∂Ti
∂t
= Gei(Te − Ti)−BβTT0 ∂
2u
∂x∂t
, (E.2)
with βT representing the volumetric thermal expansion coefficient, B the bulk
modulus, and T0 the initial temperature of the target.
Finally, the lattice displacement u induced by the thermal expansion of
the material is described by the equation
ρ
∂2u
∂t2
=
(
B + 43G
)
∂2u
∂x2
−BβT ∂Ti
∂x
, (E.3)
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where, additionally, G denotes the shear modulus, and ρ the density.
Hence, equations E.1, E.2 and E.3 build a set of three coupled differential
equations. In order to obtain an analytical solution for this set of equations,
the intensity of the laser radiation is represented in terms of a Fourier series
I(t) = a0 +
∞∑
j=1
(aj cos(ωt) + bj sin(ωt)) ,
where aj and bj are coefficients of Fourier series. The frequency parameter
ω is given by ω = j2pif0, where f0 denotes the repetition rate of the laser
radiation and is assumed to be small enough, providing the solutions of the
temperature and the stress wave which correspond to those of a single ultra-
short pulse. Because of the linear relation between the temporal parts of the
lattice displacement u and the intensity I(t), the thermoelastic stress can be
rewritten as
σ =
∞∑
j=1
(ajRe(σ˜j) + bjIm(σ˜j)) , (E.4)
with σ˜j = σieiωt representing the stress induced by laser radiation with
a complex intensity ∼ exp(iωt). Similarly, by representing of the lattice dis-
placement in terms of ∼ exp(iωt) a general homogeneous solution in the form
Aj exp(kjx) can be given, with Aj and kj solved using appropriate boundary
conditions. Thus the analytical solution for stress σj
σj = −BβT
ν
[ek1,jx (A1,jk1,j + νB1,j) + ek2,jx (A2,jk1,j + νB2,j) + ...
...+ e−βx (−βA3,j + νB3,j)], (E.5)
is obtained with ν = −BβT / (b+ 4/3 ·G) and parameters An,j , Bn,j and
kn,j solved using the boundary conditions.
The final solution for the thermoelastic stress induced by the ultrafast
laser radiation is obtained by multiplying σj with exp (iωt) and substituting
the obtained σ˜j = σj exp (iωt) into the Equation E.4.
The calculations of the thermoelastic stress in aluminum have been per-
formed by applying the following material parameters, in addition to the
parameters specified in Appendix B: Ce = 4.04 · 104 Jm−3K−1, Ci = 2.43 ·
106 Jm−3K−1, βT = 2.5·105 K−1, G = 25.5 GPa, and B = 75.2 GPa [38, 130].
The boundary conditions have been chosen as described in [107].
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